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Summary 
Micro-scale combustion offers both theoretical and practical challenges in relation to 
micro power generation systems. Therefore, the understanding of combustion and 
energy transport in the micro-scale is key to optimizing the design and operation of 
micro-combustors used in micro power devices. Common challenges encountered in 
micro-scale combustion include flame quenching, low efficiency, material failure and 
robustness. In this thesis, theoretical, numerical and experimental studies on micro-
combustion were carried out to investigate the fundamental issues such as flame 
temperature, flame stabilization, heat loss and heat recirculation through the combustor 
wall. The developed 2D numerical model (Chapters 3 and 4) and 1D theoretical model 
(Chapter 5) served as the basis for the understanding of the premixed flames and heat 
transport in micro-combustors. With respect to the micro-thermophotovoltaic (TPV) 
system developed at the National University of Singapore (NUS) in particular, 
cylindrical micro-combustors with backward-facing steps (referred to as ‘dump micro-
combustors’) represent some favorable characteristics such as good control of the 
flame position, when they are used as a heat source and an emitter. For this particular 
configuration, the effects of combustor dimensions (combustor length, combustor 
diameter and step height) and flow conditions (flow velocity and fuel-air equivalence 
ratio) on the wall temperature distribution and radiation power were experimentally 
investigated (Chapter 6). In order to get deeper insights into the experimental results, 
both numerical modeling and dimensional analysis were performed (Chapter 7). In 
view of the advantage of having the thermal radiation flux normal to the receiver, that 
is, the PV cells, a new configuration, porous media combustion in a planar micro-
combustor, was developed and tested. To evaluate its performance as an emitter, 
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effects of flow conditions, channel width and position of the porous media inside the 
planar micro-combustor on the wall temperature distribution and radiation power were 
experimentally studied (Chapter 8). Based on the preliminary experimental results, this 
configuration was shown to offer a potential as a heat source for the micro-TPV 
system. In summary, the present study reaffirms the feasibility and potential in 
exploiting combustion in the micro-scale for various heat and power applications. 
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Chapter 1  
Introduction 
Rapid development of micro-fabrication technologies has led to further miniaturization 
and diversification of micro-electromechanical systems (MEMS), which requires 
smaller power sources. However, most present portable power sources have relatively 
large size and weight. The need to reduce the system weight and size and increase the 
operating lifetime has given rise to a new generation of power generators. Epstein and 
Senturia [1] proposed the concept of the ‘micro heat engine’ in 1997 as one solution to 
meet this demand. Thereafter, a series of combustion-based micro power generators 
have been prototyped, including the micro gas-turbine [2], the micro-thermoelectric 
device [3] and the micro-thermophotovoltaic (TPV) system [4]. Such work was mainly 
motivated by the fact that hydrogen and most hydrocarbon fuels contain much more 
energy per unit mass than the most advanced lithium-ion batteries [5]. The comparison 
of energy densities is shown in Table 1.1. It is evident that an efficient conversion of 
chemical energy contained in the fuel to power represents a significant improvement in 
terms of energy density. 
A key component of the various power generation systems is a micro-
combustor in which the chemical energy is released via combustion. The characteristic 
length of such micro-combustors may range from several millimeters down to the sub-
millimeter level. As a result of the reduced size, the combustion process becomes less 
efficient due to the intensified heat losses, radical destruction at the gas-wall interface 
and reduced residence time, thus, making the system efficiency relatively low [6]. 
Therefore, more in-depth understanding of the fundamental issues such as heat transfer 
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and flame stability associated with the combustion processes in the micro-scale is 
necessary to improve the current system efficiency and reliability. 
 
Table 1.1 Energy density of various systems 
Energy system Energy density (based on mass) 
Batteries (Pb-acid) 1.2×105 J/kg 
Batteries (advanced Li-ion) 3.6×105 J/kg 
Hydrocarbon-air 2.8×106 J/kg 
Hydrogen-air 3.4×106 J/kg 
Nuclear 9×1016 J/kg 
 
1.1 Motivation 
Combustion processes occurring at the millimeter and sub-millimeter scale are 
fundamentally different from those at the macro-scale. The small physical dimensions 
tend to lower the Reynolds number such that the flow is more likely to be laminar, 
implying that the beneficial effects of turbulent mixing may not be harnessed. 
Secondly, heat losses from the flame account for a significant proportion of heat 
generation, which is a major factor resulting in thermal quenching. As generally 
known, the ratio of heat loss to heat generation in a flame nearly scales with the 
surface-to-volume ratio. Taking a cylindrical tube for example, the surface-to-volume 
ratio is given by 1/d, suggesting that the intensity of heat loss increases as the tube 
diameter decreases. Thirdly, thermal coupling between the gases and the solid structure 
(the combustor wall) becomes increasingly critical in the context of micro-combustion. 
A certain proportion of heat loss from the flame is transferred through the solid 
structure (via conduction) to preheat the unburned mixture coming from upstream, 
which helps sustain a flame in micro-combustors over a wider range of operating 
conditions. The relative significance of these effects depends on the dimensions of the 
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micro-combustors, fuel types, thermal properties of the combustor materials, flow 
conditions (flow velocity and mixture composition) and so on. 
Due to the difficulty in measuring the key parameters of the combustion flows 
such as the velocity, temperature and species concentration inside a micro-combustor, 
it is necessary to develop a numerical model which includes the essential physical and 
chemical processes involved in micro-scale combustion. Such a model can be used to 
study the effects of various parameters on the fundamental characteristics of the micro-
combustion flows. Once validated by experiment, the model can be used to study the 
governing factors that dictate heat transfer and flame properties such as flame position 
and flame temperature in the micro-combustors. 
Practically, a micro-combustor is larger than a micro-fluidic channel in order to 
allow flames to be sustained. However, the temperature of the gases in the micro-
combustors is much higher (due to heat generation from reactions) than that of the 
non-reacting fluid (with or without phase-change) in the micro-fluidic channels. The 
higher temperature in turn gives larger mean free paths. Therefore, the effects of slip-
wall (velocity slip and temperature jump) boundary condition at the gas-solid interface 
needs to be re-examined. 
Methane and hydrogen are two commonly used gaseous fuels for micro power 
generators. Methane-air mixture differs greatly from hydrogen-air mixture in many 
aspects such as heating value, flame temperature, flame speed and chemical kinetics. 
In addition, the great difference in terms of the molecular diffusivity may also give rise 
to different conclusions. In view of this, it will be meaningful to carry out the 
investigation on both of them in order to address their differences. 
Flame temperature is one of the most important parameters to characterize a 
combustion process. However, the small size commonly encountered in practical 
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micro-combustors makes it difficult to measure the flame temperature accurately. Even 
with the fine-wire thermocouples, the combustion flows will be inevitably disturbed. 
Li et al. [7] developed a 1D flame model to predict the flame temperature in a 
cylindrical micro-combustor, yet the assumption that ‘the temperature difference 
between the flame and inner wall of the micro-combustor is linear in the axial 
direction’ implicitly ignored a very important factor, that is, heat recirculation. More 
details on this point will be given in Chapter 5. Therefore, an improved model (by 
taking account of heat recirculation) is needed. 
Working as the energy source and the emitter in the micro-TPV system, the 
cylindrical micro-combustor plays an important role in determining the electrical 
energy output. A high and uniform wall temperature is favorable for the TPV generator. 
The physical dimensions such as the combustor diameter and length as well as the flow 
conditions (the fuel-air equivalence ratio and velocity) may have some impacts on the 
wall temperature distribution. Hence, a systematic study is needed to understand the 
respective effects of these parameters on the wall temperature and radiation power 
through the combustor wall. Experimental results will serve as the primary source of 
information for the design and operation of the micro-TPV system. 
As far as the thermal radiation from the combustor wall is concerned, a planar 
channel (with a rectangular section) may represent an advantage over a cylindrical tube 
(with a curved surface) by emitting thermal radiation flux normal to the PV cells. An 
experimental study will be conducted to explore the possibility of using the planar 
channel as a potential heat source for the micro-TPV system. 
Flame stabilization is an important issue in the design and operation of micro-
combustors. A backward-facing step has been employed in cylindrical micro-
combustors for this purpose. Another possible solution is to insert some porous 
Chapter 1 Introduction 
- 5 - 
material to anchor the flame inside a micro-combustor, which requires an investigation 
on its applicability as a heat source for the micro-TPV system. 
 
1.2 Objectives and Scope of the Present Study 
Based on the challenges and issues described in the previous section, the overall aim of 
this study is to develop an in-depth understanding of combustion in the micro-scale 
leading to better design and control of micro-combustors for various heat and power 
applications. Therefore, the objectives of the present study are: 
(1) develop a numerical model to study the premixed combustion flows of both 
hydrogen-air and methane-air mixtures in the micro-combustors; 
(2) improve the 1D flame model by including the effects of heat recirculation to 
predict the flame temperature in the cylindrical micro-combustors; 
(3) investigate the effects of the combustor dimensions and flow conditions on the 
wall temperature distribution of the cylindrical micro-combustors; 
(4) analyze the experimental results using both the developed numerical model 
and dimensionless parameters; and 
(5) explore the feasibility of using a planar channel as a potential heat source for 
the micro-TPV system. 
 
The present study has some limitations and assumptions needing to be 
mentioned. In developing the numerical model, the heterogeneous reactions (surface 
reactions) were not included. This does not imply that the destruction and 
recombination of the radicals (intermediate species) at the gas-solid interface is not 
important. Rather, the simulation results with complex gaseous chemistry have shown 
that radical sticking coefficients that are larger than 0.001 severely decrease the flame 
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stability of the micro-burners [8]. However, Miesse et al. [9, 10] successfully 
developed a nearly ‘quench-less’ wall material that is resistant to radical quenching. 
Therefore, the elimination of the surface reactions allows the present study to focus on 
the issues associated with heat transfer in the micro-combustors. For the experimental 
part, only the premixed combustion of the hydrogen-air mixture was studied. The 
derivation of the flame temperature in a micro-combustor is based on a 1D flame 
model. Although the result of scale analysis showed that the velocity profile in a 
micro-combustor is essentially 2D in nature [11], Kaisare and Vlachos [12] noted 
(based on their numerical simulations) that the 1D model deviates slightly from the 2D 
model (averaged over the transverse direction) only at very low and high values of the 
wall conductivity. Therefore, the application of the 1D flame model should be able to 
yield some reasonable results. Other simplifications and assumptions are detailed in 
the respective chapters when they are used. 
 
1.3 Organization of the Thesis 
This chapter gives an overview of the micro-combustion research and the motivation 
of the present study, followed by the objectives and scope of this thesis. Chapter 2 
presents a comprehensive review of the literature dealing with key issues and findings 
related to micro-combustion. 
Chapter 3 details the development of the 2D numerical model, based on which 
the simulation results of premixed combustion of hydrogen-air mixture in the micro-
combustors are reported and analyzed. Chapter 4 presents the simulation results of the 
methane-air mixture, addressing the differences from the hydrogen-air counterpart. 
Staring from a 1D flame model, an expression of the flame temperature in a 
cylindrical micro-combustor is derived in Chapter 5. The predicted flame temperatures 
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using the 1D analytical model are compared with the results of the 2D simulations for 
the methane-air mixture. 
Chapter 6 describes the experimental set-up and methodology used in the 
micro-combustion experiments. Based on a series of cylindrical micro-combustors, the 
effects of combustor dimensions and flow conditions on the wall temperature and 
radiation power are investigated systematically. In Chapter 7, an in-depth analysis of 
the experimental results given in Chapter 6 is performed by using the numerical model 
developed in Chapter 4 and some dimensionless parameters. 
Chapter 8 reports the preliminary experimental results of a new configuration, 
that is, the planar micro-combustors (with and without porous media), as a potential 
heat source for the micro-TPV system. 
Finally, Chapter 9 summarizes the major contributions of the present study and 
proposes some recommendations for the future work. 
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Chapter 2  
Literature Review 
Ever since the concept of the ‘micro heat engine’ was proposed, increasing interests 
have been spurred in developing micro power devices, mainly due to their potential for 
achieving higher energy density over the existing batteries. The practical micro-
combustors of these devices vary significantly from one case to another in terms of the 
combustor material (metals, silicon and its compounds, ceramic, etc.), design (simple 
geometries such as cylindrical tubes and rectangular channels versus complicated 
configurations such as the Swiss-roll micro-combustors), fabrication technology 
(chemical methods versus mechanical methods) and operating conditions (fuels, 
equivalence ratio, flow velocity, catalytic or inert combustor walls, etc.). However, 
some common challenges such as flame quenching, flame stability and material failure 
were encountered, regardless of their specific configurations. So far, extensive studies 
on the fundamental aspects of micro-combustion have been carried out in the past 
years. In the following sections, the major achievements and some unresolved issues 
are described. 
 
2.1 Flame Quenching – Classical Definition 
A descriptive definition of ‘flame quenching’ is the failure of flame propagation in the 
presence of combustible substances. ‘Quenching distance’ (also known as ‘quenching 
diameter’) is the critical size below which a combustion wave cannot propagate 
through. In practice, the concept of ‘quenching distance’ is often used to design 
explosion-proof devices. Flame quenching was first reported by Davy [13] in 1817, 
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followed by many groups suggesting that it is impossible for a flame to pass through 
gaps of sub-millimeter scale. Potter [14] reviewed several methods for quenching 
distance measurement, namely, (1) the burner method; (2) the tube method; (3) the 
flange electrode method; and (4) extrapolation of blow-off and flashback stability 
diagrams to the quenching point. Andrews and Bradley [15] measured the quenching 
distance of the methane-air flames in a constant volume bomb and noted that the 
dependence of the quenching distance on the equivalence ratio shows a ‘U’ shape, 
indicating that the minimum quenching distance occurs near the fuel-air equivalence 
ratio of 1.0 (stoichiometric composition). Likewise, Jarosinski and his colleagues [16, 
17] carried out a series of experiments on the methane-air and propane-air flames 
quenched by the cold walls and showed that the quenching distance is a function of the 
fuel-air equivalence ratio with the minimum located near the stoichiometric point. In 
addition, they found that the Peclet number expressed by the quenching distance and 
laminar burning velocity is around 39-41 for methane-air and 42 for propane-air over a 
broad range of mixture compositions. Vosen and Greif [18] measured the heat flux 
from flame to the combustor wall during laminar flame quenching. Their results 
suggested that flame quenching occurs when the ratio of heat loss to heat generation is 
greater than 0.3. 
Other than the aforementioned experimental results, much effort was put into 
developing mathematical models for flame quenching. Spalding [19] added the heat 
loss term (conduction and radiation) to the 1D energy equation. Based on this model, it 
was concluded that both radiation and conduction losses are important, while 
conductive heat loss becomes more important as the combustor size is decreased. 
Mayer [20] considered the effect of heat loss by convection on the flame temperature. 
By applying a lumped thermal-capacity model, the quenching diameter was obtained 
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and the Peclet number was found to be around 30-50. There are other simple models 
[21-23] dealing with the heat loss induced flame quenching, with the expressions of 
the quenching distance explicitly given. A common feature of these theoretical models 
is that the wall temperature is assumed to be cold (~298K) in considering that the 
quenching process is complete in a very short time, and therefore the wall temperature 
increase is almost negligible. 
With regard to the numerical simulations of flame quenching, there are quite a 
number of examples which gave the results close to the measured values. With the 
simple 1D models applied, the results obtained by Karman and Millan [24] (simplified 
from the 2D energy equation after applying a couple of assumptions), Westbrook et al. 
[25] and Popp and Baum [26] were in satisfactory agreement with the experimentally 
measured values. The implementation of the 2D models becomes feasible with the 
increasing speed and memory of modern computers in solving a larger number of 
discretized equations. Aly et al. [27] simulated the quenching distance of the propane-
air flames between two parallel plates by solving the 2D governing equations. Hackert 
et al. [28] studied the effects of the wall thermal conditions (isothermal wall at 300 K 
and adiabatic wall) on flame quenching, showing that the burning velocity is decreased 
with the decreasing tube diameter. Daou and Matalon [29] examined the influence of 
conductive heat loss to the walls on the propagation of the premixed flames in the 2D 
channels. Their predicted quenching distance is about fifteen times of the flame 
thickness. 
Quenching distance is essentially an overall result of many factors. In line with 
the classical definition, it is normally measured for the combustible mixture at the 
pressure of 1 atm and the wall temperature close to 298 K. In addition to the mixing 
equivalence ratio which is mentioned above, there are other factors that affect the 
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quenching distance. One factor is the type of fuel. Different fuels have very different 
properties, and even for the same fuel, when it is mixed with different oxidants (such 
as air and oxygen), the quenching distance can be very different. A second factor is the 
geometry of the passage for flame propagation. For example, a theoretical analysis 
showed that the quenching distance for a circular tube is 1.54 times that for the 2D 
parallel plates [30]. The third factor is the pressure which affects the quenching 
distance in such a manner that as the pressure increases the quenching distance 
decreases [23]. The fourth factor is the wall temperature. Increasing the wall 
temperature will reduce the heat loss from the flame, therefore implying larger 
quenching distance. This explains why the classical definition of ‘quenching distance’ 
becomes inapplicable in the context of heated wall. It is pointed out that the term 
‘quenching distance’ should be used with great care as a small deviation from the 
original conditions of measurement may render the value invalid. 
 
2.2 Micro-Scale Combustion – Fundamental Studies 
Since the inception of the micro-combustion research (mainly for developing robust 
and efficient micro-combustors), effort has been exerted to achieve self-sustained 
flames in the combustors with the characteristic size smaller than the experimentally 
measured quenching distance. In such cases, the characteristic length of these micro-
combustors is comparable to or even smaller than the flame thickness. It is well 
accepted that there are basically two mechanisms accounting for flame quenching, 
namely, thermal and radical quenching [31, 32]. Thermal quenching occurs when too 
much heat is removed from the reaction zone such that the combustion process cannot 
be self-sustained. Radical quenching, on the other hand, is a result of removal of active 
species (intermediate products of combustion processes) from the reaction zone at the 
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gas-solid interface by heterogeneous (surface) reactions. The heterogeneous reactions 
involve radical adsorption at the surface defects and recombination and desorption of 
new species. Kim et al. [33] studied the relative significance of these two mechanisms 
on the quenching of methane-air premixed flames between two parallel plates and 
concluded that for low wall temperature (<350 ºC), thermal quenching is the dominant 
factor; while the wall temperature is increased beyond 400 ºC, the heterogeneous 
reactions becomes the controlling force; as the wall temperature is further increased 
beyond 600 ºC, the homogeneous (gas-phase) reactions overcome the effect of 
removal of radicals at the interface such that the flame becomes nearly resistant to 
quenching. Therefore, in order to have self-sustained flames in the micro-combustors, 
these two quenching mechanisms should be well managed. 
 
2.2.1 Experimental Studies 
Some experimental studies carried out in micro-combustors with simple geometries are 
summarized in Table 2.1. These studied were meant to identify the conditions under 
which self-sustained flames can be achieved. Zamashchikov [34, 35] studied the 
combustion of different fuel-air mixtures in the cylindrical tubes made of different 
materials and noted that there are two stable modes of flame propagation, namely, low 
velocity regime (cold wall) and high velocity regime (heated wall). By heating the tube 
wall with a supplementary burner, the flame originally at the rim of the tube can travel 
backwards to the inside of the tube. After the burner is removed, the combustion wave 
can exist independently, even though the inner diameter is smaller than the quenching 
distance. Similarly, the wall-flame interaction was investigated by Ju and Xu [36]. 
Their theoretical analysis showed that with the decrease of the channel width, there 
exist two distinct flame regimes, which was supported by the experimental observation 
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of propane-air flame propagation in a tube with the inner diameter of 5 mm. The 
existence of the fast burning velocity and extended flammability limit was attributed to 
heat recirculation via conduction through the combustor wall. Furthermore, it was 
pointed out that at optimum conditions of flow velocity and wall thermal properties, 
meso-scale flames can propagate even faster than the adiabatic flame. These results 
[34-36] consistently render the classical ‘quenching distance (or diameter)’ 
inapplicable, and therefore it is not surprising to find that some dimensions listed in 
Table 2.1 are smaller than the values of quenching distance given in the combustion 
textbooks. Mellish et al. [37] used oxygen as the oxidant and as expected, the flame 
can be sustained in the tubes as small as 0.5 mm in diameter. Under certain conditions 
such as low velocities and slightly rich equivalence ratios, acoustic emission were 
detected [34, 35, 37], suggesting the existence of flame instabilities in micro-
combustion processes. Yang et al. [38] investigated the premixed combustion of H2-air 
mixture in the stainless steel tubes with diameters ranging from 2 to 6 mm. In their 
combustor design, a backward-facing step was employed and it was found that the step 
is effective in stabilizing the flame. As mentioned in the Chapter 1, Miesse et al. [9, 10] 
fabricated some planar channels with the chemically-treated walls nearly resistant to 
radical quenching. They studied the laminar diffusion flames of methane-oxygen and 
propane-oxygen mixtures in such a channel with the width of 750 μm. A further 
investigation in relation to this combustor was carried out by Prakash et al. [39], 
addressing the transient flame dynamics (cellular flame structure and acoustic 
emission). Maruta et al. [40] studied the flame propagation in a 2 mm cylindrical tube 
made of quartz which enables flame visualization, with external heating being applied 
to heat up the downstream portion of the tube. Depending on the thermal boundary 
conditions (with or without external heating), three flame regimes are identified: flat 
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and stationary premixed flames, cyclic oscillatory motions and repetitive ignition and 
extinction. These non-stationary flames obtained in the heated tubes were theoretically 
examined by Minaev et al. [41], confirming the existence of instable flames in those 
specific scenarios. More recently, Fan et al. [42] reported their experimental results on 
mapping the regime diagrams of flame patterns in the radial micro-channels. With the 
channel width varying from 0.5 to 3 mm, various stable and instable flame patterns 
were experimentally observed. 
Besides the gas-phase reactions, the surface reactions have significant impacts 
on the flame stability, especially when the combustor wall is heated up to an elevated 
temperatures [9, 10]. By coating a layer of proper catalyst on the wall surface, radical 
quenching can be reduced, resulting in more robust combustion processes. In the 
presence of surface reactions, ignition temperature is much lower, therefore allowing 
the device to be operated at lower temperatures. Meanwhile, the heat released and 
species generated from the catalyzed reactions can in turn assist the gas-phase 
reactions. Bayarko et al. [43] studied the combustion of hydrogen-oxygen in a series of 
platinum tubes with the inner diameter ranging from 0.4 to 0.8 mm. Their simulation 
results indicated that as the combustor size decreases, the gas-phase reactions become 
less important. In summary, these experimental studies demonstrated the feasibility of 
achieving stable or oscillatory flames in the millimeter and even sub-millimeter sized 
micro-combustors under certain conditions, depending on the fuel type (hydrogen, 
methane and propane), the oxidant used (oxygen or air), the wall properties (non-
catalytic, catalytic or chemically-treated) as well as the wall thermal boundary 
conditions (with/without insulation or external heating). 
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2.2.2 Numerical Investigations 
As a result of the reduced combustor size, measurement of the flow parameters such as 
temperature and species concentration inside micro-combustors becomes very difficult. 
The conventional-sized probes and sensors are far too large, compared to the typical 
characteristic length of such devices. Therefore, the numerical approach offers the 
advantage of yielding detailed information of the flow parameters within the small 
combustion volume, therefore having been widely used to study the fundamental 
characteristics of micro-combustion flows. Some numerical studies are listed in Table 
2.2. Raimondeau et al. [8] investigated the premixed flames of the methane-air mixture 
in the tubular micro-channels by including the effects of discontinuity of temperature 
and species concentration at the gas-solid interface. It was shown that under certain 
conditions such as preheating (Tu=1273.15 K) and insulation, methane-air premixed 
flames are able to be sustained in very small reactors. Karagiannidis et al. [44] 
modeled the combustion flows of preheated methane-air mixture in the micro-reactors 
with the catalytic walls. Their results indicated that the flame stability limits of the 
catalytic micro-reactor are wider than those of the non-catalytic system. In addition, it 
was noted that increasing the pressure results in wider flammability owing to the 
increased reactivity of both catalytic and gas-phase reaction pathways at elevated 
pressures. Norton and Vlachos [45, 46] studied the premixed combustion of the 
methane-air and propane-air mixtures within two parallel plates by employing the one-
step global reaction mechanism. The wall thermal conductivity was found to be an 
important factor in determining the flammability limits (blow-off and extinction) in the 
context of micro-scale combustion by controlling the amount of heat recirculation (via 
conduction through the combustor walls) to preheat the upstream unburned mixture. 
Kaisare and Vlachos [12] carried out a parametric study to determine the optimal 
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combustor dimensions (combustor length, wall thickness, channel width, etc.). They 
showed that the result of 1D numerical model deviates from the 2D model (averaged 
over the transverse direction) only for the very low values of wall thermal conductivity, 
implying that the 1D assumption is applicable to micro-combustion flows, despite the 
2D nature of the flows in the micro-combustors [11]. Moreover, Kaisare et al. [47] 
analyzed the operation of the platinum-catalyzed micro-burners for lean propane-air 
combustion. A comparison with the same combustor but without catalytic reactions 
revealed that the catalytic micro-burners are more stable, can operate with much more 
insulating materials and with lower wall temperatures. Besides the hydrocarbon fuels 
such as methane and propane, hydrogen is also commonly used in the micro power 
devices. Combustion of premixed hydrogen-air mixture in a series of chambers sized 
from millimeter to micron level was numerically examined by Hua et al. [48], noting 
that the combustor size and heat loss through the wall are key factors that need to be 
managed in order to sustain flames in the micro-combustors. Although these numerical 
studies were mainly focused on the effects of heat loss and radical destruction on flame 
stability in micro-combustors with simple geometries (planar channels and cylindrical 
tubes), the results and conclusions obtained can be applied as guidelines for the design 
and operation of more complicated combustor configurations. 
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geometry Combustor size 
Reaction 
mechanism Scope and focus 
Raimondeau et al. [8] CH4-air 
Tubular micro-
channel Down to r=100 μm 
Detailed gas-
phase reactions 
1. Discontinuity of temperature and species 
at the gas-solid interface; 
2. Preheated fuel-air mixture. 




1. Hetero/homogeneous combustion; 
2. Elevated pressure up to 5 bar; 
3. Limits of flame stability. 
Norton and Vlachos [45] C3H8-air Parallel plates H=600 μm, L=10 mm
One-step global 
reaction 
1. Flame stability in terms of extinction and 
blowout; 
2. Parametric study. 
Norton and Vlachos [46] CH4-air Parallel plates H=600 μm, L=10 mm
One-step global 
reaction 
1. Flame stability in terms of extinction and 
blowout; 
2. Parametric study. 
Kaisare and Vlachos [12] CH4-air 
C3H8-air 
Parallel plates H=600 μm One-step global reaction 
1. Simplified 1-D reactor model; 
2. Effects of fuel (CH4 and C3H8); 
3. Optimal reactor dimensions (gap, length, 
wall thickness, etc.). 






1. Platinum-catalyzed micro-burner; 
2. Pseudo-2D model (assuming constant 
Nusselt and Sherwood numbers); 
3. Comparison with homogeneous burners. 
Hua et al. [48] 
H2-air 
Cylindrical 
chambers Down to d=0.1 mm 
Detailed gas-
phase reactions 
1. Expansion-step as flame holder; 
2. Adiabatic & non-adiabatic walls. 
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2.2.3 Analytical Models 
There are a few studies dealing with the analytical models with regard to micro-scale 
combustion. Due to the inherent complexity of the processes involved such as heat 
transfer (in the gaseous mixture and solid wall), mass transfer and chemical reactions, 
some assumptions and simplifications are necessary for the formulations to be 
mathematically manageable. The 1D assumption is most commonly used [7, 36, 49-53] 
as it is able to reduce the complexity of the models significantly. Ronney [49] studied 
the effects of heat recirculation from the combustion products to the reactants by 
employing a counter-current heat exchanger configuration. Heat losses to the ambient 
and heat conduction in the stream-wise direction through the dividing wall were taken 
into account. It is shown that the stream-wise conduction has a strong effect on the 
operating limits of the micro-combustor. A similar model (two flames propagating in 
opposite directions in parallel channels) was developed by Ju and Choi [50] in 
studying the excess enthalpy flames. They noted that heat recirculation across the 
separating wall dramatically increases the flame speed and extends the flammability 
limits. Furthermore, Ju and Xu [36] obtained the analytical solution of flame speed in a 
meso-scale channel. Their results suggested that at optimum conditions of flow 
velocity and wall thermal properties, meso-cale flames can propagate faster than the 
adiabatic flame. To account for the wall effects, a semi-theoretical heat loss model was 
formulated by Lee and Kwon [51] to predict flame quenching in a micro-combustor. 
Leach et al. [52, 53] extended Mallard and Le Chatelier’s thermal flame model by 
including another path – combustor wall, for heat transport from the flame to the 
unburned mixture. It is found that heat exchange through the structure of the micro-
combustor leads to broadening of the reaction zone, whereas heat losses to the 
environment decrease the broadening effect and eventually result in flame quenching. 
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Li et al. [7] developed a simple 1D flame model to correlate the flame temperature to 
the wall temperature so that flame temperature in a micro-combustor can be predicted 
by measuring the wall temperature. However, the effects of heat recirculation through 
the combustor wall were neglected implicitly, and therefore the model needs to be 
modified. Though very similar to each other, it should be pointed out that the method 
used by Li et al. [7] (to integrate the temperature profile to obtain heat flux) is 
fundamentally different from that employed by Leach et al. [52, 53] (to construct a 
network of thermal resistances to calculate heat flux). Due to the assumptions (1D flow, 
constant fluid properties, inert wall, etc.) made in these models, there are certain 
limitations when used to predict the performance of micro-combustors, nevertheless 
the results reveal some essential physics of micro-scale combustion. 
 
2.3 Practical Micro-Combustors 
Depending on the specific application, there are a large variety of configurations for 
the practical micro-combustors. Fernandez-Pello [6] reviewed some typical micro-
combustors and their performances. In terms of materials used to construct the micro-
combustors, there are basically three groups. One is the silicon/silicon-based materials 
which have been widely used in MEMS devices. Modern micro-fabrication technology 
(both chemical and mechanical) enables the realization of sophisticated design with 
sufficient precision for this group of materials. The other one is metal and alloy such as 
stainless steel, iron and copper which can survive in the high temperature environment. 
The third group is some non-metallic materials such as ceramic and alumina which 
have good mechanical strength and high melting point. Schubert et al. [54] introduced 
some advanced micro-machining technologies that can be applied to metals and alloys 
with accuracy up to the micron level. Considering the typical dimensions encountered 
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in the practical micro-combustors, there are no significant technical difficulties in 
fabrication. As the focus of the present study is on the fundamental issues, only two 
types of micro-combustors with relatively simple geometries (other than straight 
cylindrical tubes or rectangular channels) are reviewed in this section. 
 
2.3.1 Swiss-Roll Micro-Combustors 
There are a number of studies based on this configuration. The basic idea of the Swiss-
roll micro-combustors is to utilize the thermal energy in the combustion products to 
preheat the unburned mixture in order to extend the flammability limits. A counter-
current heat exchanger model [49, 50] is a simplified representation for this 
configuration. Both non-catalytic [55] and catalytic [3, 56-58] Swiss-roll micro-
combustors have been fabricated and tested. The channel width ranges from a few 
millimeters to sub-millimeter scale. It was shown that in the presence of catalytic 
reactions, combustion can be sustained even at very low Reynolds number and lower 
temperature, compared to the gas-phase combustion. The flame position (center and 
off-center) is affected by the Reynolds number, thermal properties of the combustor 
walls (conductivity) and the heat loss from the combustor to the ambient [55]. With 
proper catalyst (such as platinum) coated on the combustor wall, self-ignition was 
observed under certain flow conditions [3, 56]. A full 2D numerical model [59] which 
incorporates the effects of temperature-dependent gas and solid properties, viscous 
flow, surface-to-surface radiation heat transfer and one-step chemical reaction was 
developed to predict the extinction limit of a Swiss-roll micro-combustor. Interestingly, 
it was noted that at the Reynolds number greater than 500, modeling of turbulent flow 
and transport was necessary to obtain reasonable agreement between the numerical 
results and experimental values. In addition, it was concluded that the radiation heat 
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transfer, turbulence and wall heat conduction strongly affect the overall performance, 
but the relative importance of such effects strongly depends on the Reynolds number. 
More recently, Federici and Vlachos [60] studied the flame stability in a single-pass 
heat recirculation micro-burner which was simplified from the multiple-turn Swiss-roll 
combustors. Their numerical results indicated that heat recirculation profoundly affects 
blow-off due to preheating of the incoming gases, but has a minimal effect on 
extinction. Studies on this topic are still going on. 
 
2.3.2 Cylindrical Tubes with Backward-Facing Steps 
Cylindrical tubes have been widely used to study the fundamental characteristics of 
micro-combustion, as shown in Table 2.1, because they can be simply modeled as 2D 
cases. Flame stabilization in a straight cylindrical tube is essentially difficult. As a 
simple yet effective solution, a backward-facing step has been applied in large-scale 
cylindrical combustors for the sake of flame stabilization. When used in burning 
devices, such a configuration is commonly referred to as a ‘dump combustor’. Early 
studies [61, 62] indicated that the sudden expansion formed by the step in a cylindrical 
combustor is able to facilitate recirculation of the burned gases around the step, 
thereby enhancing the mixing process and assisting a complete and stable combustion. 
This idea was employed to a series of millimeter-sized cylindrical combustors as heat 
source for the micro-TPV system [38]. The ideal case is that the fuel-air mixture flows 
through the smaller part and combustion takes place in the larger part of the tube. For 
this reason, there is a minimum flow velocity to ensure the flame not to flash back into 
the smaller tube. Experimental results [38] showed that compared to the straight 
cylindrical tubes, the backward-facing step is also effective in stabilizing flames in 
micro-combustors. Furthermore, Li et al. [63] studied the effects of step height on the 
Chapter 2 Literature Review 
- 23 - 
wall temperature using both experimental and numerical methods, noting that the wall 
temperature increases drastically with decreasing step height. Besides, Yang et al. [64] 
investigated the effects of wall thickness on the wall temperature and radiation heat 
flux. Their results suggested that with the decrease of wall thickness the wall 
temperature increases significantly, but the total radiation power (in the unit of W) 
does not change that much since the decrease of wall thickness results in smaller 
surface area for emitting radiation. In practice, the micro-TPV cells are placed to 
surround the cylindrical combustor such that the thermal radiation emitted through the 
combustor wall is captured. In order to maximize the output of the micro-TPV 
generator, high wall temperature and uniform distribution are desirable. Other than the 
step height and wall thickness, there are other factors such as flow velocity, fuel-air 
equivalence ratio, combustor diameter and length, which could affect the wall 
temperature distribution. The effects of these factors need to be studied systematically, 
the results of which will help improve the design and operation of the micro-TPV 
system. 
 
2.4 Chapter Summary 
Under the cold wall condition, flame quenching is dominated by thermal losses, based 
on which the definition of quenching distance (or diameter) was established. In the 
context of micro-combustion, thermal losses and radical destruction are the two major 
mechanisms for flame quenching. Heat recirculation through the combustor wall 
enables self-sustained flames in the micro-combustors, which renders the conventional 
quenching distance invalid. The experimental and numerical results demonstrated that 
self-sustained combustion in the millimeter/sub-millimeter sized combustors is feasible 
under certain conditions (preheated mixture, wall insulation, catalytic wall, etc.). 
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Chapter 3  
Numerical Modeling of Premixed 
Hydrogen-Air Micro-Combustion 
3.1 Introduction 
Previous numerical studies were mainly focused on the effects of various parameters 
on flame stability limits in micro-combustors. However, the understanding of flame 
structure, flame temperature and flow field inside the micro-combustors are relatively 
inadequate. As a powerful tool, the numerical method can ‘probe’ into the small space 
which is normally inaccessible to measuring devices, yielding detailed information of 
the parameters of interest. As shown in Table 2.2, both cylindrical and planar (2D 
parallel plates) micro-combustors have been numerically investigated, yet the results of 
these two geometries have not been compared. In addition, the boundary conditions 
such as the inlet velocity profile and slip-wall (velocity slip and temperature jump) at 
the gas-solid interface may affect the flame temperature as well, which is not well 
understood. In this chapter, the hydrogen-air mixture is chosen for two main reasons: 
(1) the hydrogen-air reaction mechanism is simpler compared to hydrocarbon fuels; 
and (2) from a practical viewpoint, hydrogen-air flames are more robust to be 
sustained in the sub-millimeter sized combustors. The main objective of this chapter is 
to develop a numerical model involving chemical reactions, conjugate heat transfer 
(between the gases and solid) and thermal losses from the combustor wall to examine 
the effects of combustor size and some boundary conditions on the flame temperature. 
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3.2 Numerical Model 
Figure 3.1 shows the cross-sectional view of a micro-combustor (cylindrical tube and 
2D parallel plates) in which steady-state combustion of a H2-air mixture takes place. 
The origin is fixed at the center of the inlet plane. x depicts the axial or downstream 
distance, and r or y represents the radial distance or transverse distance from the 
centerline of the cylindrical tube or 2D parallel plates, respectively. An assumption is 
made that the swirl velocity component is zero, implying a symmetrical flow with 
respect to the centerline. Therefore, the combustor is simplified to a 2D case. To save 
computational time, only half of the combustor volume is considered. In addition, the 
following assumptions are made: (1) no Dufour effects [21]; (2) no gas radiation [45, 
46]; (3) no work done by pressure and viscous forces; (4) inert wall (no surface 




Figure 3.1 Schematic of the computational domain (not to scale) 
 
With these assumptions, the governing equations of continuity, momentum, 
species and energy in the gas phase (for the cylindrical tube) can be written as follows, 
Continuity 
( ) ( )1 0u vr
x r r
ρ ρ∂ ∂+ =∂ ∂                                             (3.1) 
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x momentum 
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r momentum 
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Energy 
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∂ ∂ ∂ ∂ ∂ ∂+ = +∂ ∂ ∂ ∂ ∂ ∂
∂ ∂− − +∑ ∑∂ ∂
         (3.4) 
Species conservation 
( ) ( ) ( ) ( )1 1i i i i
i i i
uY vrY Y Y
D D r
x r r x x r r r
ρ ρ ρ ρ ω∂ ∂ ∂ ∂⎡ ⎤ ⎡ ⎤∂ ∂+ = + +⎢ ⎥ ⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦ ⎣ ⎦
        (3.5) 
The energy equation in the solid phase is given by 
1 0s ss s
T Tk k r
x x r r r
∂ ∂∂ ∂⎛ ⎞ ⎛ ⎞+ =⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠                                     (3.6) 
The governing equations for the 2D channel are not shown here, but can be 
found in many standard textbooks. A detailed H2-air oxidation mechanism [65, 66] 
which involves 9 species and 19 elementary reactions, as listed in Table 3.1, is 
employed. Based on the governing equations, the 2D, fully elliptic simulations are 
performed such that heat and mass transfer in the gas phase and heat transfer in the 
solid phase are treated explicitly. The governing equations are discretized using the 
finite-volume method and solved by Fluent® Release 6.3 [67]. A first-order upwind 
scheme is used for discretizing the governing equations and SIMPLE algorithm is used 
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to deal with the pressure-velocity coupling. The resultant algebraic equations are 
solved implicitly with a 2D segregated solver using an under-relaxation method. The 
solver first solves the momentum equations, then the continuity equation, followed by 
updating the pressure field and mass flow rate. The energy and species equations are 
subsequently solved. Iterations are monitored and checked until a converged solution 
is obtained. The criteria of convergence for the scaled residuals are set to be 1×10-3 for 
continuity, 1×10-3 for velocity, 1×10-6 for energy and 1×10-3 for species concentration. 
The gas density is calculated using the ideal gas law. The mixture viscosity, specific 
heat and thermal conductivity are calculated as a mass-fraction-weighted average of all 
species. The specific heat of each species is calculated using a piecewise polynomial 
fit of temperature [68]. Numerical convergence is generally difficult because of the 
inherent stiffness of the chemistry matrix and the disparity between the wall and fluid 
thermal conductivities. For most cases, it was found that the energy (temperature) is 
the last parameter to get converged. Some cases were run interactively using the 
graphic user interface (GUI), while most cases were executed on a cluster of PCs 
which have up to 8 GB of RAM. The CPU time for each case varies from about one 
hour to several hours, depending on the initial guess and the complexity of the case. 
 
Table 3.1 Gas-phase reaction mechanism for H2-air combustiona 
Reactions Ak (m, kmol, s) βk Ek (J/kmol) 
1. O2 + H = OH + O 5.10E+13 -0.82 6.91E+7 
2. H2 + O = OH + H 1.80E+7 1.00 3.70E+7 
3. H2 + OH = H2O + H 1.20E+6 1.30 1.52E+7 
4. OH + OH = H2O +O 6.00E+5 1.30 0.00 
5. H2 +O2 = OH + OH 1.70E+10 0.00 2.0E+8 
6. H + OH + M = H2O + Mb 7.50E+17 -2.60 0.00 
7. O2 + M = O + O + M 1.90E+8 0.50 4.001E+8 
8. H2 + M = H + H + Mc 2.20E+9 0.50 3.877E+8 
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9. H + O2 + M = HO2 + Md 2.10E+12 -1.00 0.00 
10. H + O2 + O2 = HO2 + O2 6.70E+13 -1.42 0.00 
11. H + O2 + N2 = HO2 + N2 6.70E+13 -1.42 0.00 
12. HO2 + H = H2 + O2 2.50E+10 0.00 2.90E+6 
13. HO2 + H = OH + OH 2.50E+11 0.00 7.90E+6 
14. HO2 + O = OH + O2 4.80E+10 0.00 4.20E+6 
15. HO2 + OH = H2O + O2 5.00E+10 0.00 4.20E+6 
16. HO2+ HO2 = H2O2 + O2 2.00E+9 0.00 0.00 
17. H2O2 + M = OH +OH + M 1.30E+14 0.00 1.905E+8 
18. H2O2 + H = H2 + HO2 1.70E+9 0.00 1.57E+7 
19. H2O2 + OH = H2O + HO2 1.0E+10 0.00 7.50E+6 
a Rate constants are given in the form exp( / )kk k uk A T E R T
β= −  
b Enhancement factors: H2O=20.0. 
c Enhancement factors: H2O=6.0, H=2.0, H2=3.0. 
d Enhancement factors: H2O=21.0, H2=3.3, O2=0.0, N2=0.0. 
 
The wall thermal conductivity is taken to be 20 W/m2-K, a typical value for 
stainless steel. The wall has a thickness of 0.2 mm and the combustor length is 8 mm 
for all simulation cases. At the inlet plane, the mixture enters the micro-combustor 
with a uniform temperature Tu=300 K and a fuel-air equivalence ratio of 0.5 (fuel-lean). 
At the combustor outlet, the far-field pressure condition is specified. The left and right 
sidewalls are assumed to be adiabatic (zero heat flux boundary condition) [45, 46]. 
Heat loss from the non-insulated wall to the ambient, which is composed of convection 
and radiation, is calculated by 
( ) ( )4 40 0w c wo woq h T T T Tεσ= − + −                                    (3.7) 
where the heat transfer coefficient hc and the wall emissivity ε are taken to be 10 
W/m2-K and 0.5, respectively. The physical and boundary conditions summarized in 
this paragraph apply to all simulation cases in this chapter. Other conditions may vary 
from case to case for the purpose of comparison and will be stated in the respective 
sections. 
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3.3 Results and Discussion 
3.3.1 Reference Case 
The ‘reference case’ is defined in order to facilitate comparison. The geometry of the 
reference case is a cylindrical tube with an inner diameter of 0.8 mm. The boundary 
conditions are summarized as follows: 




Y  can be derived from 
Ф=0.5 and the air composition); 
Centerline (r=0): 0,  0,  0,  0iYu T v
r r r
∂∂ ∂= = = =∂ ∂ ∂  (no diffusion flux and zero 
convective flux across the symmetry plane); 
Gas-solid interface (r=r0): 0,  0u v= =  (non-slip wall), 0iYr
∂ =∂  (zero diffusion flux 
normal to the interface), and the heat flux at the interface is 
computed using Fourier’s law and continuity in temperature 
and heat flux links the gas and solid phase; 
Non-insulated wall (r=R0): ( ) ( )4 40 0- -w c wo woq h T T T Tεσ= + . 
The numerical model is tested for different mesh densities in the axial direction 
and the result is shown in Figure 3.2. The solution obtained with 160 nodes can well 
represent the centerline temperature, while the larger mesh density of 200 nodes does 
not yield any obvious advantage. Therefore, a mesh density of 160 nodes in the axial 
direction is used. 
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Figure 3.2 Centerline temperature for different mesh densities, u0=1 m/s 
 
Based on the simulation results, it is noted that as the inlet velocity increases 
the flame shifts downstream of the micro-combustor. For u0=1 m/s, the flame is 
anchored near the entrance and the highest temperature lies on the centerline of the 
tube. In this case, the length of the pre-flame zone is practically zero (very short), 
implying that the mixture preheating by the combustor wall is negligible. When the 
velocity is increased to 2 m/s and above, the position of the highest temperature in the 
gas phase moves from the centerline to the wall. Figure 3.3 shows the contours of 
hydrogen mass fraction, axial velocity and temperature for the case with u0=4 m/s. It 
can be seen from Figure 3.3 (a) that a major part of hydrogen is consumed within a 
thin layer of reacting gases, with the thermal and velocity boundary layers being 
developed along the flow direction, as shown in (b) and (c), respectively. In the pre-
flame zone, the wall temperature is higher than the gases, indicating that the direction 
of heat transfer is from the wall to the unburned mixture [45, 46]. 
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Figure 3.3 Contours of (a) hydrogen mass fraction, (b) axial velocity (unit: m/s) and (c) 
temperature (unit: K), u0=4 m/s, combustor wall not included in (a) and (b) 
 
3.3.2 Combustor Size and Geometry 
It is generally known that as the combustor size decreases heat loss becomes more 
significant, resulting in less robust combustion and even flame quenching. In order to 
investigate the effects of combustor size on the flame temperature, two more micro-
combustors are modeled with the inner diameters of 0.4 and 0.6 mm, respectively. 
Other conditions are identical to those for the reference case (d=0.8 mm). By defining 
the flame temperature as the highest temperature in the gas phase, the effects of 
combustor size on the flame temperature are shown in Figure 3.4. Lines connecting 
symbols are only for the sake of visualization. Because the flame cannot survive in the 
0.4 mm tube for u0=8 m/s (blow-off), the comparison is limited to 4 m/s. It is obvious 
that the combustor size has a strong impact on the flame temperature, which is 
consistent for three velocities: smaller combustor induces more significant heat loss 
and gives lower flame temperature. In addition, Figure 3.4 also indicates that within 
the velocity range, the flame temperature has a lower value, although u0=2 m/s may 
not necessarily be the velocity corresponding to the lowest flame temperature. 
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Basically, increasing the inlet velocity has two-fold consequences. Firstly, the increase 
of the heat input rate, implying higher heat generation rate in the case of complete 
combustion. This does not affect the adiabatic flame temperature since the fuel-air 
equivalence ratio is fixed, but it helps better compensate for the heat loss to the 
combustor wall. Secondly, less residence time, which may potentially cause unburned 
loss. With regard to the flow field, higher inlet velocity means longer entrance length, 
which in turn affects the heat transfer condition between the gases and solid wall. 
Therefore, the flame temperature is an overall result of these factors. 
 
Figure 3.4 Effects of combustor size on the flame temperature 
 
Combustor geometry is another important parameter that should be considered. 
The cylindrical tube and rectangular planar channel are the two commonly used 
geometries. For simplicity, a model of 2D parallel plates is employed to represent the 
rectangular channel. In the simulation, the spacing (H) between the plates is taken to 
be 0.4 mm, half of the inner diameter of the cylindrical tube in the reference case. Thus, 
the hydraulic diameters of the two cases are equal. Other physical (wall thickness, 
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combustor length and wall properties) and boundary conditions remain unchanged 
from the reference case. The temperature profiles at the centerline and the non-
insulated wall for the two geometries are compared in Figure 3.5. It is shown that the 
cylindrical tube has a slightly higher temperature (~50 K) at the external wall, which 
indicates an advantage for those applications such as the micro-TPV system which 
requires high wall temperature. In contrast to the 2D case, the cylindrical tube (d=0.8 
mm) does not exhibit a noticeable peak value of the centerline temperature, implying 
that the highest temperature lies somewhere between the centerline and the wall. 
 
Figure 3.5 Temperature profiles at the centerline and non-insulated wall, u0=4 m/s 
 
A theoretical analysis [30] showed that the quenching distance for the parallel 
plates is related to the quenching diameter for the cylindrical tube by a factor of 0.65. 
In other words, when H=0.65d, the heat loss conditions of a cylindrical tube are 
identical with the 2D parallel plates. A 2D case with the spacing of 0.65×0.8=0.52 mm 
is modeled for comparison, with the results shown in Figure 3.6. Lines connecting 
symbols are only for the sake of visualization. From Figure 3.6, it can be seen that the 
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maximum temperature difference between the d=0.8 mm cylindrical tube and H=0.52 
mm 2D plates is about 11 K, occurring at u0=4 m/s. This note indicates that the factor 
of 0.65 is a fairly good estimate, based on the limited cases simulated in this study. 
This note might be useful when attempting to change the shape of the micro-
combustor without altering the flame temperature too much. However, it should be 
pointed out that in real practice, the result may not be strictly valid due to the three-
dimensional nature of a rectangular planar channel. 
 
Figure 3.6 Effects of combustor geometry on the flame temperature 
 
3.3.3 Inlet Velocity Profile 
The two types of inlet velocity profile commonly used for numerical simulation are 
uniform and fully-developed (FD) distribution. In practice, the uniform velocity profile 
may be obtained by using some porous material near the inlet to make the flow more 
uniform, while the FD velocity profile may be achieved by using a long connection 
tube in order for the flow to get fully-developed before entering the combustor. For the 
FD velocity profile, the axial velocity distribution at the inlet plane is given by 
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( ) ( )20 02 1 /u r u r r⎡ ⎤= −⎣ ⎦                                               (3.8) 
where 2u0 is the axial velocity at the center of the inlet plane. Eq. (3.8) ensures the 
same mass flow rate as the reference case applied at the inlet plane. Other boundary 
conditions remain unchanged from those for the reference case. The temperature 
contours for the two velocity profiles are compared in Figure 3.7. It can be seen that 
the inlet velocity profile affects the position where the flame is anchored. For u0=2 and 
4m/s (low and medium velocity), the flame is attached slightly closer to the entrance in 
the FD case than the uniform case. This is mainly because of the zero axial velocity at 
r=r0 specified at the inlet plane. However, this observation does not hold for the case 
of u0=8 m/s (high velocity) which has a longer cold stream penetrating into the center 
of the micro-combustor. 
 
 
Figure 3.7 Temperature contours (unit: K), upper half for FD and lower for uniform, (a) 
u0=8 m/s, (b) u0=4 m/s, (c) u0=2 m/s and (d) u0=1 m/s, d=0.8 mm 
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Compared to non-reacting flows, flows with chemical reactions (together with 
heat generation) are more complicated. For a flow to be fully-developed, there are two-
fold meanings: one is hydrodynamic and the other is thermal. Hydrodynamic FD flow 
requires the radial (or transverse) velocity profile approaches the Hagen-Poiseuille 
profile [69]. On the other hand, thermally FD flow requires attaining a uniform radial 
(or transverse) temperature profile. Due to the chemical reactions taking place along 
the flowing path, it is expected that these two requirements cannot be met at the same 
axial (or stream-wise) position of the micro-combustors. To study the effects of inlet 
velocity profile, it is necessary to examine the hydrodynamic entrance length which is 
given by [69] 
0.05 0.05 udLe Re d ρμ= ⋅ =                                             (3.9) 
Mass conservation gives 
( ) 20 constu r mρ π = =                                                (3.10) 
Eq. (3.10) implies that the product of ρu is constant. However, due to heat 
generation from the chemical reactions and heat loss to the combustor wall, gases 
temperature varies while flowing through the micro-combustor. Therefore, it is 
necessary to modify the Reynolds number which is evaluated at the inlet plane. The 








πμ π= ⋅                                                   (3.11) 
Eq. (3.11) indicates that the viscosity μ is proportional to T1/2, and therefore, the 
temperature-modified hydrodynamic entrance length can be expressed as follows 
m m
00.05 0.05 /uLe Re d Re T T d= ⋅ = ⋅ ⋅                                 (3.12) 
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where ( ) / 2u fT T T= +  is the mean temperature and Re0 refers to the Reynolds number 
evaluated at the inlet plane. Figure 3.8 shows the calculated hydrodynamic entrance 
lengths using Eq. (3.12) and the results from simulations. The ‘averaged temperature’ 
denotes the temperature averaged over the radial direction (treated as one-dimensional 
flow). For u0=8 m/s, the position of highest centerline temperature occurs at the outlet 
(x=8 mm), and is not included in the graph. Figure 3.8 shows that as the inlet velocity 
increases, the difference in terms of the position of highest centerline temperature 
between the FD and uniform cases increases. In addition, for both the uniform and FD 
cases, the calculated hydrodynamic entrance length agrees quite well with the 
numerical results of the position of the highest centerline temperature (not the flame 
temperature), implying that the highest centerline temperature is located near to the 
position where the axial velocity profile is fully-developed. However, this result is not 
observed for the methane-air flames, which will be discussed in Chapter 4. 
 
Figure 3.8 Calculated hydrodynamic entrance lengths and the simulation results of the 
positions for highest temperature, d=0.8 mm 
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To further examine the results shown in Figure 3.8, the normalized axial 
velocity and temperature profiles in the radial direction for two inlet velocities (u0=1 
and 4 m/s) are plotted in Figures 3.9 and 3.10, respectively. For both velocities, it takes 
shorter axial distance to get hydrodynamically than thermally fully-developed, owing 
to the chemical reactions occurring along the flowing path. According to the velocity 
profiles shown in Figures 3.9 and 3.10, it is noted that the temperature-modified 
hydrodynamic entrance length given by Eq. (3.12) nearly coincides with the position 
of the highest centerline temperature, suggesting that for premixed hydrogen-air flames 
in micro-combustors, the position of the highest centerline temperature is mainly 
controlled by aerodynamics. A comparison with the methane-air flames is made in 
Chapter 4 to illustrate the difference caused by the fuel properties. 
 
     (a) Axial velocity 
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     (b) Temperature 
Figure 3.9 Normalized axial velocity and temperature profiles, u0=1 m/s, d=0.8 mm 
 
 
     (a) Axial velocity 
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     (b) Temperature 
Figure 3.10 Normalized axial velocity and temperature profiles, u0=4 m/s, d=0.8 mm 
 
3.3.4 Slip-Wall Boundary Condition 
In this section, the effects of slip-wall boundary condition are discussed. It should be 
noted that different from the parameters studied in the previous sections which could 
be realized physically, the slip-wall boundary condition is a result of the reduced 
dimension. The purpose of this section is to examine the effects of slip-wall boundary 
condition at the gas-solid interface on the temperature and flow field. 
Velocity slip and temperature jump at the gas-solid interface have been 
considered in studying heat transfer problems in the micro-channels [70-72]. 
Raimondeau et al. [8] included the effects of temperature discontinuity in their 
simulations of the combustion flows in the micro-tubes, but the velocity slip was not 
considered. In the micro-channel flows, the Knudsen number (Kn) is a measure of the 
degree of rarefaction. For the Knudsen number in the range of 10-3≤Kn≤10-1, slip flow 
may be assumed. Taking the mean free path (MFP) of air at standard condition to be 
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0.1 μm, the Knudsen number for the reference case (d=0.8 mm) is 1.25×10-4, which is 
out of the slip flow regime. However, it should be noted that the MFP is proportional 
to the temperature, as it can be seen from Eq. (3.15). During the combustion process, 
there is a sharp temperature increase in the flame zone, leading to the increase of the 
MFP of the gases. Based on the simulation cases discussed above, the flame 
temperature is around 1500 K. According to Eq. (3.15), the MFP will be around five 
times that of the initial state (Tu=300 K), giving the Knudsen number to be 6.25×10-4. 
If the d=0.4 mm micro-combustor is considered, it is safe to justify the application of 
the slip-wall boundary condition, as the Knudsen number becomes 1.25×10-3 which is 
within the slip flow regime. The complete slip-wall boundary condition is given by Jie 
et al. [71] as 
, ,
2 3

















⎛ ⎞− ∂⎛ ⎞− = ⎜ ⎟⎜ ⎟+ ∂⎝ ⎠⎝ ⎠                                     (3.14) 
The values for σλ and σT depend on the surface property and condition. For a 
given gas, their values depend on the surface finish and the fluid temperature and 
pressure, and are normally determined experimentally. In the present study, they are 






λ π=                                                       (3.15) 
For simplicity, an average value of molecular diameter, dm=3.65×10-10 m, is 
used. γ and Pr are taken to be 1.4 and 0.7, respectively. It should be noted that the 
second term on the right-hand side of Eq. (3.13) is one order of magnitude of Kn less 
than the first term [71], therefore is ignored in the simulation. A user-defined function 
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(UDF) incorporating the velocity slip and temperature jump conditions is written as a 
subroutine. The slip-wall condition is applied over the whole combustor length despite 
that the Knudsen number in some region might fall out of the slip flow regime due to 
the lower temperature. 
Figure 3.11 shows the comparison of the flame temperature and position of the 
highest centerline temperature between non-slip and slip-wall boundary conditions. 
Lines connecting symbols are only for the sake of visualization. It can be seen that 
within the velocity range, the slip-wall cases give slightly higher flame temperature 
than those non-slip cases. Meanwhile, as the inlet velocity increases, the position of the 
highest centerline temperature occurs a bit more downstream when the slip-wall 
condition is applied. 
 
Figure 3.11 Effects of slip-wall boundary condition on the flame temperature and the 
position of highest centerline temperature, d=0.4 mm 
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Some insight into this result can be obtained through a simple inspection of the 
mathematical formulation of the slip-wall boundary condition. For the case of non-slip 





−∂⎛ ⎞ =⎜ ⎟∂ Δ⎝ ⎠                                                        (3.16) 
where Tc is the temperature of gases in the cell next to the interface and Δr is the 
measure of the cell size. With the slip-wall condition applied (Tw,if≠Tg,if), in the region 




∂⎛ ⎞ >⎜ ⎟∂⎝ ⎠  and Eq. (3.14) 
leads to Tw,if>Tg,if. Then one has 
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∂⎛ ⎞⎜ ⎟∂⎝ ⎠ denotes the ‘new’ temperature gradient as a result of the slip-wall 
boundary condition. Eq. (3.17) simply implies less heat gained from the hotter wall to 
preheat the unburned mixture, which may result in longer heating path. Similarly, in 





∂⎛ ⎞ <⎜ ⎟∂⎝ ⎠  and Tw,if<Tg,if, and therefore one obtains 
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∂ ∂⎛ ⎞ ⎛ ⎞<⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠ . This means that heat conduction from the hotter 
gases to the wall is reduced. To summarize, the implementation of slip-wall boundary 
condition reduces the heat transfer between the gases and solid wall across the gas-
solid interface. As a result, there will be longer heating path for the mixture to reach 
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the ignition temperature and higher flame temperature due to the reduced heat loss to 
the wall in the flame zone, which is consistent with the result shown in Figure 3.11. 
Eqs. (3.13) and (3.14) indicate that the magnitude of temperature jump and 
velocity slip is closely related to the velocity gradient at the interface. Figure 3.12 
shows the maximum temperature jump and velocity slip for the simulation cases. It can 
be seen that both of them increase with the inlet velocity. At low velocity u0=1 m/s, 
there is practically zero velocity jump, implying that the slip-flow boundary condition 
has trivial effects on the flow field when the inlet velocity is very low. The maximum 
temperature jump occurs at the flame region where sharp temperature gradient (both 
radial and axial) exists. The velocity slip and temperature jump, compared to the bulk 
velocity and temperature, are practically negligible. Therefore, it is safe to make the 
conclusion that for hydrogen-air premixed flames, the effects of the slip-wall condition 
can be ignored, provided the diameter of the micro-combustor is not less than 0.4 mm. 
 
Figure 3.12 Magnitude of maximum velocity slip and temperature jump, d=0.4 mm 
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3.4 Conclusion 
A 2D numerical study of hydrogen-air premixed combustion in the micro-combustors 
with different physical and boundary conditions was undertaken. A reference case was 
that of a cylindrical tube (with 0.8 mm in diameter and 8 mm in length) with a non-slip 
wall and a uniform velocity profile at the inlet plane. In order to study the effects of 
combustor size, two more micro-combustors (d=0.4 mm and d=0.6 mm) were modeled. 
The results indicate that the flame temperature is lower for smaller diameter, owing to 
the more intensified heat loss as a result of the reduced combustor size. With regard to 
the combustor geometry, it was shown that a cylindrical tube has higher flame 
temperature and wall temperature than the 2D parallel plates with the same hydraulic 
diameter as the cylindrical tube (H=0.5d). Furthermore, based on the limited 
simulation cases, it was noted that when H=0.65d, the flame temperature given by the 
cylindrical tube and 2D plates are nearly equal. Two types of velocity profile were 
applied at the inlet plane and the results were compared. A temperature-modified 
hydrodynamic entrance length was proposed to account for the increase of gases 
temperature and it was shown that the axial position predicted by this parameter can 
well capture the position of the highest centerline temperature. Finally, the slip-wall 
boundary condition was employed at the gas-solid interface for a d=0.4 mm micro-
combustor. The results show that the flame temperature is slightly higher than that 
with non-slip wall. It was also noted that as the inlet velocity increases, the magnitude 
of maximum velocity slip and temperature jump goes up accordingly. However, the 
velocity slip and temperature jump are found to be negligible, compared to the bulk 
velocity and temperature of the reacting gases. 
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3.5 Chapter Summary 
A 2D numerical model for studying combustion flows in micro-combustors was 
developed. The effects of combustor size and geometry, inlet velocity profile and slip-
wall boundary condition on the flame temperature were numerically investigated for 
premixed combustion of the hydrogen-air mixture in the sub-millimeter (d=0.4-0.8 mm) 
sized micro-combustors. Similarly, the methane-air mixture will be examined by 
performing a parametric study in the following chapter. In particular, the differences 
between the two mixtures caused by fuel properties will be addressed. 
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Chapter 4  
Numerical Modeling of Premixed 
Methane-Air Micro-Combustion 
4.1 Introduction 
In the preceding chapter, premixed combustion of the hydrogen-air mixture in a series 
of sub-millimeter sized micro-combustors was studied. For many practical micro-
combustors, methane was also used. Methane differs significantly from hydrogen in 
terms of the fuel properties, as shown in the comparison given in Table 4.1. Therefore, 
the 2D numerical model presented in Chapter 3 will be applied to the methane-air 
mixture and the results will be compared with the hydrogen-air counterpart. 
Considering the lower reactivity of methane with air, the characteristic combustor size 
is chosen to be 1 mm in diameter. Accordingly, the combustor length is increased to 12 
mm to ensure the validity of the far-field pressure boundary at the combustor outlet. 
The purpose of this chapter is similar to Chapter 3, that is, to examine the effects of 
combustor size and geometry, inlet velocity profile and slip-wall condition on the 
flame structure, flame temperature and flow field in micro-combustors. 
 
Table 4.1 Comparison of fuel properties between methane and hydrogena 
Properties Methane Hydrogen 
High heating value (HHV) 55.5 MJ/kg 141.9 MJ/kg 
Laminar flame speed (Ф=1.0, p=1 atm, with air) 40 cm/s 210 cm/s 
Adiabatic flame temperature (Ф=1.0, p=1 atm, with air) 2226 K 2400 K 
Quenching distance (cold-wall, Ф=1.0, p=1 atm, with air) 2.5 mm 0.64 mm 
a SOURCE: Data from Ref. [22]. 
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4.2 Numerical Model 
Figure 4.1 shows the cross-sectional view of the micro-combustor (cylindrical tube and 
2D parallel plates) in which steady-state combustion of the CH4-air mixture takes place, 
which is similar to Figure 3.1 except that the dimension of the combustor length is 
changed to 12 mm. Likewise, the following assumptions are adopted: (1) no Dufour 
effects [21]; (2) no gas radiation [45, 46]; (3) no work done by pressure and viscous 




Figure 4.1 Schematic of the computational domain (not to scale) 
 
The reaction mechanism of methane-air is far more complicated, compared to 
the hydrogen-air combustion. For methane oxidation, the C1-path is the principal 
channel for fuel-lean flames, while the C2-path (conversion of CH4 to higher 
hydrocarbons) which consists of about two hundred elementary reactions becomes 
important for sufficiently fuel-rich mixture [32]. The skeletal mechanism for methane 
oxidation (16 species, 25 reversible reactions) developed by Smooke and Giovangigli 
[73] is employed. The mechanism showed a good agreement between predicted and 
measured structures of one-dimensional macro-flames under a wide range of mixture 
compositions. In addition, its application in the simulation of micro-flames [74] was 
also found to be able to yield reasonable results. Compared to the one-step global 
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reaction [12, 46], the skeletal mechanism can better represent the reaction process as it 
involves partial oxidation, reverse reactions and intermediate products. For all cases 
studied in this chapter, the fuel-air equivalence ratio Ф is fixed to be 0.9 (fuel-lean) to 
ensure that C1-path alone gives sufficient accuracy. The larger number of elementary 
reactions and more participating species require higher computational power than the 
hydrogen-air counterpart. Therefore, the numerical cases were executed using parallel 
computing on a cluster of PCs which have up to 16 GB of RAM. The CPU time for 
each case is about ten hours or longer (but less than two days), depending on the initial 
guess and the complexity of the case. The cases with the slip-wall boundary condition 
normally take longer time to get converged. 
 
Table 4.2 Skeletal reaction mechanism for CH4-air combustiona 
Reactions Ak (m, kmol, s) βk Ek (J/kmol) 
(1f) H + O2 → OH + O 2.000E+11 0.000 7.034E+07 
(1b) OH + O → H + O2 1.575E+10 0.000 2.889E+06 
(2f) O + H2 → OH + H 1.800E+07 1.000 3.695E+07 
(2b) OH + H → O + H2 8.000E+06 1.000 2.830E+07 
(3f) H2 + OH → H2O + H 1.170E+06 1.300 1.518E+07 
(3b) H2O + H → H2 + OH 5.090E+06 1.300 7.782E+07 
(4f) OH + OH → O + H2O 6.000E+05 1.300 0.000E+00 
(4b) O + H2O → OH + OH 5.900E+06 1.300 7.130E+07 
(5) H + O2 + M → HO2 + Mb 2.300E+12 -0.800 0.000E+00 
(6) H + HO2 → OH + OH 1.500E+11 0.000 4.204E+06 
(7) H + HO2 → H2 + O2 2.500E+10 0.000 2.931E+06 
(8) OH + HO2 → H2O + O2 2.000E+10 0.000 4.187E+06 
(9f) CO + OH → CO2 + H 1.510E+04 1.300 -3.174E+06 
(9b) CO2 + H → CO + OH 1.570E+06 1.300 9.352E+07 
(10f) CH4 + (M) → CH3 + H + (M)c 6.300E+14 0.000 4.354E+08 
(10b) CH3 + H + (M) → CH4 + (M)c 5.200E+09 0.000 -5.485E+06 
(11f) CH4 + H → CH3 + H2 2.200E+01 3.000 3.663E+07 
(11b) CH3 + H2 → CH4 + H 9.570E-01 3.000 3.663E+07 
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(12f) CH4 + OH → CH3 + H2O 1.600E+03 2.100 1.030E+07 
(12b) CH3 + H2O → CH4 + OH 3.020E+02 2.100 7.294E+07 
(13) CH3 + O → CH2O + H 6.800E+10 0.000 0.000E+00 
(14) CH2O + H → HCO + H2 2.500E+10 0.000 1.671E+07 
(15) CH2O + OH → HCO + H2O 3.000E+10 0.000 5.003E+06 
(16) HCO + H → CO + H2 4.000E+10 0.000 0.000E+00 
(17) HCO + M → CO + H + M 1.600E+11 0.000 6.155E+07 
(18) CH3 + O2 → CH3O + O 7.000E+09 0.000 1.074E+08 
(19) CH3O + H → CH2O + H2 2.000E+10 0.000 0.000E+00 
(20) CH3O + M → CH2O + H + M 2.400E+10 0.000 1.206E+08 
(21) HO2 + HO2 → H2O2 + O2 2.000E+09 0.000 0.000E+00 
(22f) H2O2 + M → OH + OH + M 1.300E+14 0.000 1.905E+08 
(22b) OH + OH + M → H2O2 + M 9.860E+08 0.000 -2.123E+07 
(23f) H2O2 + OH → H2O + HO2 1.000E+10 0.000 7.536E+06 
(23b) H2O + HO2 → H2O2 + OH 2.860E+10 0.000 1.373E+08 
(24) OH + H + M → H2O + Mb 2.200E+16 -2.000 0.000E+00 
(25) H + H + M → H2 + Mb 1.800E+12 -1.000 0.000E+00 
a Rate constants are given in the form exp( / )kk k uk A T E R T
β= −  
b Third body efficiencies: CH4=6.5, H2O=6.5, CO2=1.5, H2=1.0, CO=0.75, O2=0.4, N2=0.4. All other 
species=1.0 
c Lindemann form, k=k∞/(1+kfall/[M]) where kfall=6.3exp(-7.536×107/RuT) 
 
The wall thermal conductivity is taken to be 20 W/m2-K (typical value for 
stainless steel). The wall has a thickness of 0.2 mm and the combustor length is 12 mm 
for all cases. At the inlet plane, the mixture enters the micro-combustor with a uniform 
temperature of Tu=300 K. At the combustor outlet, a far-field pressure condition is 
specified. Same as the cases for hydrogen combustion, the left and right sidewalls are 
assumed to be adiabatic (zero heat flux boundary condition) [45, 46]. The heat transfer 
coefficient hc and the wall emissivity ε are taken to be 5 W/m2-K (weak natural 
convection) and 0.2 (polished surface without serious oxidation), respectively. These 
two values are smaller than those used in the hydrogen combustion (hc=10 W/m2-K 
and ε=0.5), due to the consideration that practically it is more difficult to sustain the 
methane-air flames in the narrow channels, and therefore better insulation is needed. 
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The physical and boundary conditions summarized in this section apply to all cases in 
this chapter. Other conditions may vary from case to case for the purpose of 
comparison and will be stated in the respective sections. The mesh density is set to be 
240 grids (an interval of 0.05 mm) and 25 grids (an interval of 0.02 mm) in the axial 
and radial directions, respectively. Higher grid densities were tested but no obvious 
advantage was found. A high temperature (~1600 K) is imposed on the entire 
computational domain (both gases and solid) as an initial guess for the numerical 
iteration. It is important to use a temperature high enough to ‘ignite’ the mixture. 
Lower temperature may fail ignition for some cases. To avoid unnecessary repetition, 
readers are suggested to refer to Chapter 3 for more details about the numerical model 
(such as the governing equations, discretizing scheme, numerical method, etc.). 
 
4.3 Results and Discussion 
4.3.1 Reference Case 
The geometry of the reference case is a cylindrical tube with the inner diameter of 1 
mm. The boundary condition at the combustor inlet (x=0) is as follows: Tu=300 K, 




Y  can be derived from Ф=0.9 and the 
air composition). Compared to the velocity range used for hydrogen (u0=1-8 m/s), 
much lower values are employed for methane, owing to its lower burning velocity (see 
Table 4.1). The boundary conditions at the combustor outlet, the centerline (symmetry), 
the gas-solid interface and the non-insulated wall have the same forms of mathematical 
formulation as the reference case of the hydrogen-air combustion given in Chapter 3. 
Based on the simulation results, as the inlet velocity increases the flame is 
blown further downstream of the micro-combustor. Higher velocity which implies 
higher mass flow rate requires longer heating length (by the combustor wall) for the 
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mixture to be heated up to the ignition temperature. For u0=0.3 m/s, the flame is 
anchored near the entrance and the highest temperature of gases lies at the centerline of 
the combustor. When the velocity increases to 0.5 m/s and above, the position of the 
highest temperature of gases shifts from the centerline to the wall. Figure 4.2 shows 
the contours of temperature, methane mass fraction and axial velocity for the case with 
u0=0.5 m/s. It can be seen in Figure 4.2 (b) that a major part of methane is consumed 
within a thin layer of reactions. Figure 4.2 indicates that in the pre-flame zone, the wall 
temperature is higher than the mixture temperature, suggesting the direction of heat 
transfer is from the wall to the unburned mixture [45, 46], same as what was observed 
for the hydrogen counterpart. On the other hand, in contrast to the hydrogen-air 
mixture which has the high temperature zone attached to the combustor wall (Figure 
3.7), the high temperature zone of the methane-air flames occupies a wider span of the 
radial section. The difference in terms of flame structure between methane and 
hydrogen is mainly attributed to the overall effects of the competing time scales for 
axial convection (flow velocity) and radial diffusion (mass diffusivity), which will be 




Figure 4.2 Contours of (a) temperature (unit: K), (b) methane mass fraction and (c) axial 
velocity (unit: m/s), u0=0.5 m/s, combustor wall not included in (b) and (c) 
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4.3.2 Combustor Size and Geometry 
In Chapter 3, it was shown that the combustor size has a very significant effect on the 
flame temperature. For the hydrogen-air mixture, over the velocity range (u0=1-8 m/s) 
that was investigated, it was noted that the smaller the combustor, the lower the flame 
temperature. In order to investigate the effect for the methane-air mixture, a larger 
combustor with d=2 mm is modeled. Other conditions (wall thickness, combustor 
length, boundary conditions, etc.) are identical with those for the reference case (d=1 
mm). The effect of combustor size on the flame temperature is shown in Figure 4.3. 
Lines connecting symbols are only for the sake of visualization. For both combustors, 
the increase of inlet velocity results in higher flame temperature. However, when the 
inlet velocity is higher than 0.5 m/s, the smaller combustor (d=1 mm) gives higher 
flame temperature than the larger one (d=2 mm).  
 
Figure 4.3 Effects of combustor size on the flame temperature 
 
In order to understand this result, the flame structure needs to be examined. For 
the d=2 mm combustor, the flame shows a similar pattern to that of the hydrogen-air 
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mixture, that is, the high temperature zone is attached to the combustor wall. The 
temperature contours for the d=2 mm micro-combustor with medium (u0=0.5 m/s) and 
high (u0=1.0 m/s) velocities are shown in Figure 4.4. Compared to Figure 4.2, the 
difference in terms of flame structure is obvious. In fact, as the combustor diameter is 
increased from 1 to 2 mm, the radial length for mass diffusion is doubled. As a result, 
the temperature at the centerline zone of the larger combustor is more controlled by 
axial convection than radial diffusion. Since the high temperature zone is shifted to the 
wall, heat diffuses in the radial direction to the centerline zone, which contributes to 
the lowered flame temperature. In addition, another factor that needs to be considered 
is that heat recirculation through the combustor wall is more significant in the smaller 
micro-combustor. Norton and Vlachos [46] obtained super-adiabatic flame temperature 
for the methane-air mixture in the micro-channels, which was attributed to the 
preheating of the unburned mixture by the heat recirculation through the wall. 
 
 
Figure 4.4 Temperature contours (unit: K), u0=0.5 m/s (lower) and u0=1.0 m/s, d=2 mm 
 
Apart from the explanations given above, incomplete combustion could also be 
a possible reason for the lowered flame temperature in the larger combustor (d=2 mm). 
Figure 4.5 shows the centerline temperature for different flow velocities. It can be seen 
that as the velocity is increased to 0.8 m/s, the highest centerline temperature occurs 
close to or at the combustor exit, implying that the combustion process could be 
incomplete. Figure 4.6 compares the outer wall temperature profiles of the numerical 
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cases, based on which the heat losses (convection and radiation) to the ambient can be 
quantified by integrating Eq. (3.7) over the combustor length. Defining a ratio as the 
total heat losses (in the unit of Watt) of the larger combustor to that of the smaller one 
from the outer wall, it is obtained that the values for this ratio are 2.17, 2.19, 2.22 and 
2.32 for u0=0.3, 0.5, 0.8 and 1.0 m/s, respectively. Though the ratio increases as the 
inlet velocity goes up, it is not the deciding factor for the lowered flame temperature 
observed in the d=2 mm micro-combustor because the maximum allowable value in 
order to have the same flame temperature is 4.0 in the case of complete combustion. 
Thus, it is concluded that when the velocity is above a certain level, the combustor 
length becomes important in determining the completeness of the combustion process, 
and consequently the flame temperature inside. 
 
Figure 4.5 Temperature profiles at the centerline, d=2 mm 
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Figure 4.6 Profiles of outer wall temperature 
 
To investigate the effects of combustor geometry, a 2D model is employed to 
simulate the parallel plates. In the simulation, the spacing (H) between the plates is 
taken to be 1 mm, same as the inner diameter of the cylindrical tube. Thus, the 
hydrodynamic diameter (=2H) of the 2D case is twice that of the cylindrical tube (d=1 
mm). Other physical and boundary conditions remain unchanged from the reference 
case. Besides, one more 2D case with H=0.65×1=0.65 mm is modeled for comparison. 
The variation of flame temperature with the flow velocity for the three cases is plotted 
in Figure 4.7. Lines connecting symbols are only for the sake of visualization. The 
cylindrical tube with d=2 mm is not included to avoid repetition, but it will be 
discussed in comparison with the 2D case with H=1 mm. From Figure 4.5 and 4.7, it 
can be seen that the H=1 mm channel has higher flame temperature than the d=1 mm 
tube over the entire range of inlet velocity, owing to the difference in the 
hydrodynamic diameter. However, in contrast to the cylindrical tube with d=2 mm 
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which has the same hydrodynamic diameter, the H=1 mm 2D case also represents 
higher flame temperature. Other than the factors (radial diffusion, heat recirculation 
and incomplete combustion) discussed above, the difference in terms of heat loss area 
between the two geometries could be another reason. More in-depth investigation into 
this result is needed, but it can be concluded at this point that the hydrodynamic 
diameter alone is not sufficient to correlate the two combustor geometries. For the 2D 
case with H=0.65 mm, it is shown that both the trend and the value of the flame 
temperature are very similar to the cylindrical tube with d=1 mm, with the maximum 
difference about 25 K at u0=0.3 m/s. This result once again indicates that the factor of 
0.65 is a fairly good estimate (see Chapter 3 for more details of this factor), based on 
the limited cases in this study. Therefore, it is concluded that the factor of 0.65 is 
applicable to both hydrogen-air and methane-air mixtures in micro-combustors sized 
up to 1 mm in diameter. Again, it should be noted that in practice, the result may not 
be strictly valid due to the three-dimensional nature of a rectangular channel. 
 
Figure 4.7 Effects of combustor geometry on the flame temperature 
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4.3.3 Inlet Velocity Profile 
Similar to the study on the hydrogen-air mixture, two types of inlet velocity profile 
(uniform and FD) are applied at the combustor inlet for the reference case (d=1 mm). 
Eq. (3.8) is used to ensure the same mass flow rate. Other boundary conditions remain 
unchanged from the reference case. The temperature contours obtained by using the 
two velocity profiles are compared in Figure 4.8. No significant difference (≤3 K) in 
terms of flame temperature is found over the entire velocity range. However, it can be 
seen that the inlet velocity profile affects the position where the flame is anchored. It is 
clearly shown that the FD profile stabilizes the flame further from the entrance than the 
uniform profile does, and the difference increases with increasing velocity. The flame 
position is essentially an overall result of the thermal conditions and the flow field. In 
the pre-flame zone, the inlet velocity profile may affect the heat transfer from the wall 
to the unburned mixture, thus affecting the heating length for the ignition to occur. On 
the other hand, flame stabilization is achieved in the velocity boundary layer in which 
the flame speed (burning velocity) reaches an equilibrium with the flow velocity. It is 
hard to predict the flame position due to the close coupling between the thermal (both 
gases and solid) and flow fields in the micro-combustors. Therefore, it should be 
pointed out that the conclusion made above regarding the flame position is only valid 
for the particular cases shown in Figure 4.8. 
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Figure 4.8 Temperature contours (unit: K), upper half for FD and lower for uniform, (a) 
u0=1.0 m/s, (b) u0=0.8 m/s, (c) u0=0.5 m/s and (d) u0=0.3 m/s, d=1 mm 
 
In Chapter 3, a temperature-modified hydrodynamic entrance length was given 
by Eq. (3.12). The same method is applied here for the methane-air mixture. Figure 4.9 
shows the calculated hydrodynamic entrance lengths and the positions of the highest 
centerline temperature and the highest averaged temperature over the radial direction. 
It can be seen from Figure 4.9 that as the velocity increases, the difference between the 
FD and uniform cases becomes larger. In contrast to the hydrogen-air mixture (shown 
in Figure 3.8) that the position of the highest centerline temperature nearly coincides 
with the temperature-modified hydrodynamic entrance length given by Eq. (3.12), the 
methane-air mixture takes much longer axial distance to reach the peak centerline 
temperature. In addition to the significant difference in terms of chemical kinetics, 
mass diffusivity is playing an important role in yielding this result. The high mass 
diffusivity of hydrogen (Le≈0.3) results in the combustion zone concentrated close to 
the wall where flow velocity is relatively lower than the centerline zone. The heat then 
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diffuses radially to the centerline region such that the position of the highest centerline 
temperature is mainly determined by aerodynamics (entrance length). For the methane-
air mixture, much lower flow velocity was used than the hydrogen-air counterpart. As 
a result, although methane (Le≈1.0) has lower mass diffusivity than hydrogen, the 
relative importance of diffusion (in the radial direction) is comparable to convection 
(in the axial direction) such that the flame can reach the centerline over the radial 
direction and the position of the highest centerline temperature is primarily dependent 
on chemical kinetics. To understand the relative significance of axial convection and 
radial diffusion, a simple analysis is done to examine the characteristic time scales for 
these two competing factors. For a combustion flow in a cylindrical micro-combustor, 
the time scale of axial convection can be represented as 0~ /C L uτ , and the time scale 
for radial diffusion is given by 20~ /D r Dτ . Thus, the ratio of the two time scales is 
2
0 0 0 0 0 0 0
2 2 1/ ~
2C D
L D L D L
u r r r u r ScRe
ντ τ ν= =                                (4.1) 
where Re0 is the Reynolds number evaluated based on the conditions at the combustor 
inlet. For the two mixtures that have been investigated (the current methane-air and 
hydrogen-air in a cylindrical tube with d=0.8 mm and L=8 mm), it gives 
( )
( ) 4 4 2 2 2 2 2
2 4 4 4 4 42
CH CH 0,H H 0,H 0,H 0,H
H 0,CH CH 0,CH 0,CH 0,CHH
/ 12 0.4 0.2 0.34
/ 8 0.5 0.7
C D
C D
L r Sc Re Re Re
L r Sc Re Re Re
τ τ
τ τ = = =    (4.2) 
where the values for the Schmidt numbers are taken from Ref. [75]. To have a similar 
flame structure to the methane-air mixture (i.e. occupying a wide span of the radial 
section, as shown in Figure 4.8), the ratio given by Eq. (4.2) should be less than unity. 
Using u0=0.8 m/s (u0=1.0 m/s has the flame stretched to the combustion exit, which is 
prone to incomplete combustion) to quantify the Reynolds number for methane, the 
critical inlet velocity for the hydrogen-air mixture is about 2.9 m/s – the maximum u0 
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that allows the flame to have a similar structure to the methane-air mixture shown in 
Figure 4.8. Referring back to Chapter 3, it was shown that when u0=2 m/s the 
hydrogen-air flame was already attached to the wall, indicating that the above analysis 
overestimates the upper limit of the inlet velocity. However, in view of the simplicity 
of the above analysis, Eq. (4.2) is still useful in giving qualitatively sound result. 
 
Figure 4.9 Calculated hydrodynamic entrance lengths and the simulation results of the 
positions for highest temperature, d=1 mm 
 
The normalized axial velocity and temperature profiles for the case with u0=0.5 
m/s are plotted in Figure 4.10. It can be seen that the difference in terms of axial 
velocity distribution caused by the inlet velocity profile prevails only at the near-
entrance zone. Figure 4.10 (a) suggests that at an axial distance of around 1.5 mm from 
the entrance, a hydrodynamic FD velocity profile is almost formed for both cases. 
However, according to Figure 4.10 (b), the temperature profiles indicate that up to a 
distance of 1.5 mm the flow is simply being heated up without noticeable heat release. 
When the mixture flows further downstream (a distance of about 2 mm from the 
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entrance), some exothermic reactions are initiated, indicated by the high temperature 
zone being shifted from the wall boundary to the centerline zone. From that axial 
position onwards, more reactions are being triggered along the flowing path, with both 
the flow and temperature fields being restructured. 
 
     (a) Axial velocity 
 
     (b) Temperature 
Figure 4.10 Normalized axial velocity and temperature profiles, u0=0.5 m/s, d=1 mm 
Chapter 4 Numerical Modeling of Premixed Methane-Air Micro-Combustion 
- 63 - 
4.3.4 Slip-Wall Boundary Condition 
In Chapter 3, the slip-wall (velocity slip and temperature jump) boundary condition 
was applied to a micro-combustor with the inner diameter of 0.4 mm. It was shown 
that the slip-wall boundary condition leads to slightly higher flame temperature than 
the non-slip wall condition. Based on the simulation cases of methane-air premixed 
combustion in this chapter, the flame temperature can reach about 2000 K, around 
seven times that of the initial state (Tu=300 K). For a d=1 mm cylindrical tube, the 
resultant Knudsen number is around 7×10-4, which is close to the lower limit of the slip 
flow regime. Although not fully justified, the complete slip-wall condition is employed 
to evaluate the effects on the temperature and flow field. The thermal and momentum 
accommodation coefficients used in Eqs. (3.13) and (3.14), respectively, are both taken 
to be 1.0, same as the hydrogen-air cases. It is realized that these values may not well 
represent the real conditions such as surface finish and properties of the given gas, but 
the determination of their exact values is beyond the scope of the present study. 
A user-defined function (UDF) incorporating the slip-wall condition is written 
as a subroutine to the reference case (d=1 mm). The simulation results show that over 
the velocity range (0.3-1.0 m/s), the slip-wall condition gives the flame temperature 
about 1-2 K higher than the non-slip wall, which is consistent with what was noted for 
the hydrogen-air mixture. As analyzed in Chapter 3, the implementation of the slip-
wall boundary condition reduces the heat transfer between the gases and the combustor 
wall across the gas-solid interface. As a result, there will be a higher flame temperature 
due to the reduced heat loss to the wall in the flame zone, compared to the non-slip 
wall condition. Figure 4.11 shows the magnitude of maximum temperature jump and 
velocity slip for the simulation cases. It can be seen that both of them increase with the 
increasing velocity. However, the velocity slip and temperature jump, compared to the 
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bulk velocity and temperature, are practically negligible. Therefore, it is safe to 
conclude that for the methane-air mixture, the effects of the slip-wall condition can be 
ignored, provided the inner diameter of the micro-combustor is not less than 1 mm. 
 
Figure 4.11 Magnitude of maximum velocity slip and temperature jump, d=1 mm 
 
4.4 Conclusion 
Using the 2D numerical model developed in Chapter 3, a study on the premixed 
combustion of the methane-air mixture in the micro-combustors with different physical 
and boundary conditions was undertaken. A reference case was defined as a premixed 
methane-air combustion in a cylindrical tube (d=1 mm and L=12 mm) with a non-slip 
wall and a uniform velocity profile at the combustor inlet. The flame structure of the 
methane-air mixture is essentially different from the hydrogen-air counterpart due to 
the great difference of fuel properties. It was shown that a larger combustor (d=2 mm) 
gives higher flame temperature only when the flow velocity is below a certain level. 
With regard to the combustor geometry, a 2D planar channel (H=1 mm) represents 
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higher flame temperature than a cylindrical tube with d=2 mm (equal hydrodynamic 
diameter), over the entire range of the inlet velocity investigated in the present study. 
Based on the limited cases simulated, it was noted that the flame temperatures in the 
cylindrical tube and 2D planar channel are quite close when H=0.65d is satisfied. Two 
types of velocity profile were applied at the inlet plane, and no remarkable difference 
(≤3 K) in terms of flame temperature was found. However, the flames were found to 
be stabilized further from the entrance when the FD velocity profile is employed. In 
order to understand the flame structure, a simple analysis of the competing time scales 
(axial convection and radial diffusion) was presented to address the difference between 
the methane-air and hydrogen-air mixtures. Finally, the slip-wall (velocity slip and 
temperature jump) boundary condition was implemented at the gas-solid interface of 
the reference case (d=1 mm). The inclusion of the slip-wall condition slightly increases 
the flame temperature by less than 2 K. With the increase of the inlet velocity, the 
magnitudes of both maximum velocity slip and temperature jump increase accordingly. 
However, compared to the bulk velocity and temperature of the reacting gases, the 
velocity slip and temperature jump were found to be negligible. 
 
4.5 Chapter Summary 
With a similar objective to that of Chapter 3, the 2D numerical model developed in the 
preceding chapter was applied to simulate the methane-air premixed combustion in a 
series of micro-combustors. The results were compared with those for the hydrogen-air 
mixture to address the differences caused by the fuel properties. In the following 
chapter, a 1D flame model will be developed to predict the flame temperature in a 
micro-combustor. Using the methane-air mixture, the results of the 1D model will be 
compared with those obtained from the 2D numerical simulations. 
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Chapter 5  
1D Flame Model to Predict Flame 
Temperature in a Micro-Combustor 
5.1 Introduction 
Measurement of the flame temperature in a micro-combustor is very difficult due to 
the size constraint. In order to resolve this problem, Li et al. [7] developed a 1D flame 
model which correlates the flame temperature to the wall temperature. Since the wall 
temperature is relatively easy to be measured, the flame temperature can be obtained 
from that correlation. However, in Li et al.’s [7] model, the effect of heat recirculation 
through the combustor wall was implicitly ignored. This effect was well accepted as an 
important factor in sustaining a flame in micro-combustors [8, 12, 36, 45-48]. Firstly, 
the assumption that ‘the temperature difference between the gases and wall is linear to 
the x position’, that is, 
( ), ,x wi x f wi fxT T T Tδ− = −                                                (5.1) 
where Twi,f is the inner wall temperature at the end of the flame zone (x=δ), implicitly 
excludes the heat recirculation effect. As the right-hand side of Eq. (5.1) is greater than 
zero, it indicates that within the flame zone, the gases temperature (Tx) is higher than 
the wall temperature (Twi,x) everywhere. This is equivalent to ‘disabling’ the preheating 
of unburned mixture by the combustor wall. Secondly, at x=δ the heat flux from the 
flame to the wall was equated to the conductive heat flux (in the combustor wall) in the 
radial direction. In other words, it was assumed that the heat loss from the flame to the 
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wall was totally diffused to the non-insulated wall via radial conduction. As a result, 
the heat flux conducted upstream through the solid wall (in the axial direction), which 
is essentially the part regarded as heat recirculation, was neglected. In view of these 
deficiencies, it is necessary to develop a model which is able to include the heat 
recirculation effect. In addition, in view of the difficulty in the measurement of flame 
temperature, the results of the 1D model will be compared to the values from the 2D 
numerical simulations using the model developed in the preceding chapter. 
 
5.2 1D Flame Model 
The flame zone is of great interest because the majority of the chemical energy is 
released within a thin layer in which there is a strong thermal coupling between the 
burned gases and the solid structure, that is, the combustor wall. In macro-scale 
combustion, heat loss compared to heat generation is almost negligible, owing to the 
large surface-to-volume ratio. However, in the micro-scale, heat loss accounts for a 
significant proportion of heat generation, as can be found in the following sections. In 
this study, a 1D flame model is developed and used to analyze the heat loss from the 
premixed flames in a cylindrical micro-combustor. This model is essentially an 
extension from Mallard and Le Chatelier’s thermal flame model [76] (which assumes 
conduction in the direction of flame propagation as the only means of heat transport) to 
a more complex scenario in which another heat flow path emerges – conduction 
through the combustor wall. The control volume of the flame zone is schematically 
depicted in Figure 5.1. The dashed line delineates the temperature of the gases along 
the flow direction. All chemical reactions are assumed to be taking place in the 
reaction zone only (Ti→Tf). In order to focus on the heat transfer in the flame zone, the 
following assumptions are made: (1) no Dufour effects [21]; (2) no gas radiation [45, 
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46]; (3) no work done by pressure and viscous forces; (4) inert wall (no surface 
reactions); and (5) steady state. The fuel-air mixture flows at an imposed inlet velocity 
u0 (equal to the flame speed Su) with the temperature Tu, uniformly distributed along 
the inlet plane. A stable planar flame is established inside the combustor at a certain 
distance from the inlet plane. The origin is fixed at the center of the plane where the 




Figure 5.1 Schematic of a 1D premixed flame in a cylindrical micro-combustor 
 
Considering the inflow of the unburned mixture, the heat input under the non-
adiabatic condition can be written as follows 
( )20 ,1 ain u u p f uQ r S c T Tπ ρ= ⋅ ⋅ ⋅ ⋅ −                                        (5.2) 
where the numbering in the subscript of cp is used to differentiate it from those 
evaluated at different temperatures, as summarized in Table 5.2. At the gas-solid 
interface, the heat exchange between the flame and the wall is 
( )0 0 ,02 rl x wi xQ r h T T dxδπ= ⋅ − ⋅∫                                        (5.3) 
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It should be noted that Eq. (5.3) simply calculates the net quantity of heat 
exchange across the interface, and hence it does not rule out the possibility that within 
the reaction zone there could be some region where the wall temperature is higher than 
the reacting gases. Divided by the volume of the reaction zone, Eq. (5.3) becomes 
( )0 0 ,0
2
0
2 r x wi x
r
r





⋅ − ⋅= ∫                                       (5.4) 
In the reaction zone (Ti→Tf), an assumption is made that the temperature 
distribution is linear, which has been adopted by both Mallard and Le Chatelier [76] 
and Turns [22] in deriving the laminar flame speed. On the other hand, the axial heat 







Q k rπ δ
−= ⋅ ⋅                                             (5.5) 







−= ⋅                                                 (5.6) 







δ⎛ ⎞= ⎜ ⎟⎝ ⎠                                                   (5.7) 
Eq. (5.7) was obtained by performing the scale analysis to the 2D energy 
equation of the gas phase, with r0 and δr chosen to be the radial and axial length scales, 
respectively. A simple asymptotic analysis shows that as r0>>δr (macro-scale 
combustion) qr is negligibly small (implying adiabatic combustion); when r0 is 
comparable to δr (micro-scale combustion) qr becomes significant. With Eqs. (5.4), 
(5.6) and (5.7), the integral term in Eq. (5.3) is obtained as follows 
( ) ( ),1,0
0 02
r g
x wi x r f i
k
T T dx T T
h r
δ δ− ⋅ = ⋅ ⋅ −⋅∫                                   (5.8) 
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In order to take out h0 from the integral term in Eq. (5.8), the concept of an 









∫                                                         (5.9) 
Using the definition of the Nusselt number, Eq. (5.9) can also be written as 
( ) ( ),0 1r x wi x r f iT T dx T TNuδ δ− ⋅ = ⋅ ⋅ −∫                                    (5.10) 
where the Nusselt number is also an averaged property within the reaction zone. Then, 
substituting Eq. (5.10) into Eq. (5.3) yields 
( ),1l g r f iQ k T Tπ δ= ⋅ ⋅ ⋅ −                                           (5.11) 
Thus, one obtains the heat loss ratio 
( )
( ),120 ,1
1/ f igl in r a
u p u f u
T Tk
Q Q
r c S T T
δρ
−= ⋅ ⋅ ⋅ −                                 (5.12) 
Unlike the adiabatic flame temperature, Ti is not a well-defined parameter. 
Therefore, an expression of Ti needs to be derived in order for Eq. (5.12) to be 
applicable. Expanding the left-hand side of Eq. (5.10) gives 
( ), ,0 0 0r r rx wi x x wi xT T dx T dx T dxδ δ δ− ⋅ = ⋅ − ⋅∫ ∫ ∫                             (5.13) 
Again, making use of the linear temperature distribution in the reaction zone 






δ δ+⋅ = ⋅∫                                             (5.14) 





wi x r f i
Nu NuT dx T T
Nu Nu
δ δ ⎡ ⎤− +⎛ ⎞ ⎛ ⎞⋅ = ⋅ +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦∫                         (5.15) 
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Eq. (5.15) is an important result which eliminates the difficulty of acquiring the 
detailed profile of the inner wall temperature within the reaction zone. This integral 
quantity will be used later to quantify the heat loss from the non-insulated wall to the 
ambient. Due to the axial conduction in the combustor wall, part of the heat loss 
dissipated from the flame to the wall is transferred upstream to preheat the unburned 
mixture. Hence, the following energy balance holds 
l w recirQ Q Q= +                                                    (5.16) 
The heat loss from the external wall to the ambient can be written as follows 
( )0 , 002 rw t wo xQ R h T T dxδπ= ⋅ ⋅ − ⋅∫                                     (5.17) 
Eq. (5.16) implicitly ignores the heat loss (from the non-insulated wall to the ambient) 
in the preheat zone. This simplification was also employed by Lee and Kwon [51] and 
Leach et al. [52, 53] in their 1D models. In order to correlate Two,x to Twi,x, the Biot 
number needs to be examined. For a cylindrical micro-combustor with the outer and 
inner radii of R0 and r0, respectively, the Biot number is given by 






R r r kRBi
R h
⋅= =                                        (5.18) 









⎛ ⎞= = ⋅ ⋅⎜ ⎟⎝ ⎠
                                      (5.19) 
When Nu=4.0, kg=0.082 W/m-K (air at 1300 K) and ks=20 W/m-K (typical 
value for stainless steel), it can be shown that the following inequality holds: 
0.0008<Bi<0.02 as 0.1<t/r0<10. Therefore, it is reasonable to assume that there is no 
radial temperature difference between the inner and outer surfaces of the combustor 
wall for materials with medium and high thermal conductivity, that is 
, ,wi x wo xT T=                                                       (5.20) 
With Eq. (5.20), Eq. (5.17) becomes 
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( )0 , 002 rw t wi x rQ R h T dx Tδπ δ= ⋅ ⋅ ⋅ −∫                                        (5.21) 
Substituting the integral term in the brackets of Eq. (5.21) with Eq. (5.15) gives 
0 0
2 22
2 2w t r f i
Nu NuQ R h T T T
Nu Nu
π δ ⎡ − + ⎤⎛ ⎞ ⎛ ⎞= ⋅ ⋅ ⋅ + −⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦                       (5.22) 
With Eqs. (5.11), (5.16) and (5.22), the heat recirculation is obtained as follows 
,1 0 ,1 0 0 0 0
2 22 2 2
2 2recir r f g t i g t
Nu NuQ T k R h T k R h T R h
Nu Nu
π δ ⎡ − + ⎤⎛ ⎞ ⎛ ⎞= ⋅ ⋅ − ⋅ ⋅ − + ⋅ ⋅ + ⋅⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ (5.23) 
Since the preheat zone is assumed to have no chemical reactions taking place, 
the mixture is simply being heated up to the ignition temperature Ti. Thus, the energy 
balance in the preheat zone is given by 
( )2,2 0recir x u u p i uQ Q S c r T Tρ π+ = ⋅ ⋅ −                                    (5.24) 
In contrast to Mallard and Le Chatelier’s thermal flame model in which the 
mixture is heated up by the thermal conduction from the high temperature burning 
gases only, Eq. (5.24) takes into account another path for heat transport – conduction 
through the combustor wall. With Eqs. (5.23) and (5.24), Ti can be solved 
,22 2
0 0 ,2 0 ,1 0 0
,22 2










u u p g t r
r
kNuR h T S c r T T k R h T r
NuT kNuS c r k R h r
Nu
δ ρ δ δ
ρ δ δ
−⎛ ⎞⋅ ⋅ + ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅⎜ ⎟⎝ ⎠= +⎛ ⎞⋅ + + ⋅ ⋅ ⋅ + ⋅⎜ ⎟⎝ ⎠
(5.25) 
According to Eq. (5.25), Ti is a function of the combustor dimensions (r0 and 
R0), mixture properties (k, cp, ρ and Tu), heat loss condition at the non-insulated wall (ht) 
and across the gas-solid interface (Nu). However, it should be pointed out that these 
parameters enter Eq. (5.25), but the ignition temperature Ti, in fact, mainly reflects the 
effects of chemistry (reactivity of the fuel-air mixture), which is hidden in Eq. (5.25) 
via the reaction zone thickness (δr). For a fully-developed laminar flow in a cylindrical 
tube, Nu is a constant of 4.364 and 3.650 for constant wall heat flux and constant wall 
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temperature, respectively [77]. Norton and Vlachos [45] noted that Nu fluctuates 
widely in the flame zone then goes back to a constant of around 4.0 and maintained 
this value throughout the post-flame zone. In the present study, a constant Nu (=4.0) is 
assumed within the thin layer of the reaction zone [7, 12, 52]. 
In the study of thermal flame quenching (cold wall condition Twi=300 K), 
Mayer [20] performed an analysis of heat loss in a premixed laminar flame and wrote 
the energy balance for the adiabatic and non-adiabatic flames as follows 
( ) 0a a au u p u u u p fS c T H S c Tρ ρ+ − ⋅ =                                         (5.26) 
( ) 0au u p u u u p f lS c T H S c T qρ ρ+ − ⋅ − =                                       (5.27) 
where the heat loss ql was assumed to be a function of the heat loss parameter and the 
flame temperature. Solving Eq. (5.26) to get Ha and substituting it into Eq. (5.27) gives 
( ) ( ),1 ,3 0au u p f u u u p f u lS c T T S c T T qρ ρ⋅ − − ⋅ − − =                              (5.28) 
Divided by the total heat generation, Eq. (5.28) becomes 
( ),3,1 ,11
p f u l l
a a
p f u inu u p f u
c T T q Q
c T T QS c T Tρ
−− = =− ⋅ −                               (5.29) 
The right-hand side of Eq. (5.29) is exactly the heat loss ratio given by Eq. 
(5.12). Hence, equating Eq. (5.12) to Eq. (5.29), the flame temperature can be solved 
( ) ,1 ,1,1 ,3 ,32 2
0 0
/g r g raf p f u p u i p
u u u u
k k
T c T T c T T c
S r S r
δ δ
ρ ρ
⋅ ⋅⎡ ⎤ ⎛ ⎞= − + + ⋅ +⎜ ⎟⎢ ⎥⋅ ⋅ ⋅ ⋅⎣ ⎦ ⎝ ⎠
          (5.30) 
From Eq. (5.30), it can be seen that Tf is mainly governed by the ignition 
temperature Ti, the flame speed Su and the reaction zone thickness (δr). Again, it should 
be pointed out that physically the flame temperature does not depend on Ti, but is 
mainly determined by the heat loss, as can be seen in Eq. (5.27). Since the flame speed 
is equal to the inlet velocity u0, Su is simply an independent input for Eq. (5.30). 
Examining Eq. (5.25) suggests that 
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( ),f i rT f T δ=                                                       (5.31) 
In summary, there are three unknowns (Tf, Ti and δr) and two governing 
equations, they are, Eqs. (5.25) and (5.30). Therefore, the reaction zone thickness δr 
needs to be related to the flame temperature Tf in order that Eq. (5.30) can be solved. 
 
5.3 Reaction Zone Thickness (δr) 
The reaction zone thickness is not available in the literature, especially for those non-





p i u u
k T T
c T T S
δ ρ
−= −                                                   (5.32) 
It should be noted that Eq. (5.32) is not applicable in this context because the 
heat recirculation through the combustor wall was not considered. However, the 
following mass balance still holds 
u u r u rS RRρ ωδ ρ δ= = ⋅ ⋅                                                (5.33) 
From Eq. (5.33), the reaction zone thickness can be written as follows 
/r uS RRδ =                                                         (5.34) 
According to the assumption that all reactions take place in the reaction zone 
only, the RR under non-adiabatic condition can be related to that under the adiabatic 
condition by a factor accounting for the mean temperature in the reaction zone (Ti→Tf) 
2 2expa a a a
u f i f i
ERR RR
R T T T T
⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠
                               (5.35) 
where RRa can be obtained from the following equation similar to Eq. (5.34) 
/a a au rRR S δ=                                                     (5.36) 
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The adiabatic flame speed ( auS ) and the adiabatic reaction zone thickness (
a
rδ ) 
can be extracted from the simulation results of the 1D adiabatic freely-propagating 
laminar flames. In this study, the methane-air mixture is chosen because its flame 
structure resembles Mallard and Le Chatelier’s thermal flame model (preheat zone and 
reaction zone) better than the hydrogen-air mixture [76]. The 1D steady-state mass, 
species and energy conservation equations with a detailed reaction mechanism for the 
methane-air system are solved based on the numerical scheme of Kee et al. [78]. The 
code employs a hybrid time-integration/Newton-iteration technique to solve the 
equations. The skeletal mechanism due to Smooke and Giovangigli [73] (same as the 
one used in Chapter 4) is used to represent the chemical kinetics. CHEMKIN® Release 
4.0 [79] is used as the solver for the governing equations. The unburned mixture has 
the condition of Tu=300 K and p=1 atm. Three fuel-air equivalence ratios (Ф=0.8, 0.9 
and 1.0) are simulated. The profiles of the species concentration, gases temperature 
and volumetric heat release rate for the stoichiometric (Ф=1.0) methane-air mixture are 
shown in Figure 5.2. 
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Figure 5.2 Profiles of species concentration, gases temperature and volumetric heat 
release rate for a stoichiometric CH4-air laminar flame, p=1 atm, Tu=300 K 
 
Following the criteria used by Glassman [76], the end of the reaction zone is 
estimated by considering the spatial distance of the extrapolation of the heat release 
curve decay branch to the axis. The starting position of the reaction zone (at the 
temperature Ti) is determined at the point where the heat release curve begins to rise 
sharply. At this point, there are noticeable CO and species (OH and H) to form water. 
Thus, the properties of the adiabatic CH4-air laminar flames can be determined, as 
summarized in Table 5.1. A comparison of laminar flame speed between the 
simulation results (1D adiabatic flame model) and the experimental values taken from 
Ref. [80] indicates a reasonable agreement. With these data known, the adiabatic 
reaction rate (RRa) can be calculated from Eq. (5.36), with which Eq. (5.30) can be 
solved to get the flame temperature. 
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Table 5.1 Properties of 1D adiabatic CH4-air premixed flamesa at p=1 atm and Tu=300 K 
a




[mm (est.)] 1D adiabatic 
flame model 
Experimental data 




0.8 0.40 0.29 0.28 2004 
0.9 0.384 0.354 0.36 2141 
1.0 0.39 0.41 0.405 2232 
a Data are the results based on the 1D freely-propagating flame model, unless otherwise stated. 
 
5.4 Comparison with 2D Numerical Simulation 
5.4.1 2D Numerical Simulation 
Figure 5.3 shows the computational domain of a cylindrical micro-combustor in which 
steady-state combustion of the CH4-air mixture takes place. The dimensions of the 
micro-combustor are exactly the same as the ‘reference case’ defined in Chapter 4. 
Refer to the relevant section(s) in Chapter 4 for more details (such as the assumptions, 
governing equations, chemical reactions, numerical scheme, parallel computing, etc.) 




Figure 5.3 Schematic of the computational domain (not to scale, unit: mm) 
 
The wall thermal conductivity is taken to be 20 W/m-K (typical value for 
stainless steel), same as what was used in Chapter 4. At the combustor outlet, the far-
field pressure boundary is specified. The left and right sidewalls are assumed to be 
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adiabatic (zero heat flux boundary condition) [45, 46]. The heat floss from the non-
insulated wall to the ambient is 
( ) ( )4 40 0w c wo woq h T T T Tεσ= − + −                                    (5.37) 
where hc and ε are taken to be 5 W/m2-K (weak natural convection) and 0.2 (polished 
surface without serious oxidation), respectively, same as the values used in Chapter 4. 
The boundary condition at the inlet plane (x=0) is: Tu=300 K, u0=0.5, 0.8 and 1.0 m/s, 
v=0, Ф=0.8, 0.9 and 1.0 (
2O
Y  and 
4CH
Y  can be derived from Ф and the air composition). 
The boundary conditions at the centerline, the gas-solid interface and the non-insulated 
wall have the same mathematical formulations as the ‘reference case’ in Chapter 4. In 
order to compare the 2D simulations with the 1D flame model, the gases temperature is 
averaged over the radial direction and the resultant ‘bulk temperature’ profiles of the 
simulated cases are shown in Figure 5.4. It should be noted that in this chapter, ‘flame 
temperature’ denotes the highest value of the averaged gases temperature (over the 
radial direction), different from the definition used in Chapter 3 and 4, that is, the 
highest temperature in the gases. This is because according to Kaisare and Vlachos [12] 
the 1D model agrees with the 2D result averaged over the transverse direction, and 
therefore using this ‘bulk temperature’ to represent the flame temperature is more 
reasonable. It can be seen from Figure 5.4 that when the fuel-air equivalence ratio is 
fixed (Ф=0.9), raising the inlet velocity results in longer heating length and higher 
flame temperature. In addition, the flame is shifted further from the combustor inlet as 
the flow velocity increases. When the inlet velocity is fixed (u0=0.5 m/s), the flame 
temperature becomes higher as the fuel-air equivalence ratio approaches unity 
(stoichiometric composition). 
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Figure 5.4 Profiles of bulk temperature of gases (averaged over the radial direction) 
 
5.4.2 Comparison between 1D Model and 2D Simulation 
Based on Eqs. (5.25), (5.30), (5.34) and (5.35), the flame temperature Tf can be solved 
iteratively. The meanings of the numbering in the subscripts of cp and kg are given in 
Table 5.2. Different from the detailed kinetics used in the 2D numerical simulation, a 
one-step global reaction mechanism [81] is employed to get the value of the activation 
energy Ea in Eq. (5.35). The heat loss coefficient at the non-insulated wall is given by 
( )( )2 20 0t c wo woh h T T T Tεσ= + + +                                        (5.38) 
where Two is determined by reading the wall temperature at the axial position where the 
peak value of the averaged gases temperature, that is, the flame temperature, is reached. 
For simplicity, the air properties (specific heat and thermal conductivity) are used to 
approximate the mixture properties and the values are taken from Appendix C of Ref. 
[22]. The adiabatic flame temperature is used as the initial guess for the iteration. 
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Table 5.2 Summary of cp and kg used in this chapter 
Parameter Evaluated temperature 
cp,1 ( ) / 2au fT T+  
cp,2 ( ) / 2u iT T+  
cp,3 ( ) / 2u fT T+  
kg,1 ( ) / 2i fT T+  
kg,2 iT  
 
Figure 5.5 shows the comparison of flame temperature between the 1D 
analytical model and the 2D simulations. Lines connecting symbols are only for the 
sake of visualization. It can be seen from Figure 5 (a) that the 1D model can well 
predict the flame temperature when u0≤0.8 m/s. For the case with u0=1 m/s, the model 
fails to predict the increase of flame temperature with respect to the case with u0=0.8 
m/s. This could be due to the assumption that the heat loss through the non-insulated 
wall to the ambient is limited to the reaction zone, meaning that the heat loss occurring 
in the preheat zone not being considered. According to Eq. (5.35), this simplification 
will lead to a higher Ti. As a result, RR↑, which implies a thinner δr. Examining Eq. 
(5.30), taking the first and second terms of the numerator to be constant by neglecting 
the change of cp with temperature, a thinner δr may result in a lower Tf as it follows the 
exponential law, despite the higher Ti. From Figure 5.5 (b), it is shown that except for 
the case of Ф=0.8, the 1D model can well capture the flame temperature given by the 
2D numerical simulations. Again, the poor prediction at Ф=0.8 is believed to be a 
result of the over/under-estimation of Ti and δr. Besides, the one-step global reaction is 
a rather rough simplification as the activation energy (Ea) given by the one-step 
mechanism is a result of best-fitting to the experimental data, and therefore it may not 
be valid for a wide range of the equivalence ratios. Due to the inherent nonlinearity of 
Eqs. (5.25), (5.30), (5.34) and (5.35), the effects of each parameter on the predicted 
flame temperature are not very straightforward. For example, as can be seen in Eq. 
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(5.25), Nu appears in both the numerator and the denominator and both of them will 
increase as Nu goes up. Therefore, the change of Ti with Nu also depends on the 
magnitude of other terms in Eq. (5.25). More in-depth analysis of the mathematical 




(b) u0=0.5 m/s 
Figure 5.5 Comparison of flame temperature between 1D model and 2D simulation 
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Other than the flame temperature, another key parameter – heat recirculation 
(Qrecir) should be examined to further validate the 1D flame model. As mentioned 
above, heat recirculation through the solid wall is a very important factor which allows 
the flames to be sustained in micro-combustors. In order to quantify this parameter, the 
wall temperature profile of the 2D simulation needs to be analyzed. Figure 5.6 depicts 
the profiles of the averaged gases temperature, wall temperature and wall temperature 
gradient. It can be seen that there is a ‘delay’ of the position of the peak wall 
temperature with respect to the position of the highest gases temperature, owing to the 
2D nature of the reacting flow. Heat recirculation is basically a result of the wall 
temperature gradient in the axial direction. It is shown in Figure 5.6 that dTw/dx 
reaches its maximum nearly at the axial position where an ‘inflexion’ on the curve of 
the averaged gases temperature is located. From this point further upstream, a nearly 
linear drop of dTw/dx is observed for two main reasons: heating up the unburned 
mixture and heat loss to the ambient (through the non-insulated wall). 
 
Figure 5.6 Profiles of averaged gases temperature, wall temperature and wall 
temperature gradient, Ф=0.9, u0=0.5 m/s 
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In line with the definition of heat recirculation used in the 1D analytical model, 
an averaged wall temperature gradient is used and the procedure to determine its value 
is described as follows: (1) locate the positions (x1 and x2) of the minimum and 
maximum values on the profile of dTw/dx; (2) read the wall temperatures (Two,1 and 
Two,2) at these two positions and calculate their difference; and (3) get the averaged 
temperature gradient using |Two,1–Two,2|/|x2-x1|. Following this procedure, a comparison 
of heat recirculation between the 1D model (given by Eq. (5.23)) and 2D simulation is 
shown Figure 5.7. Lines connecting symbols are only for the sake of visualization. It is 
consistently found in both Figure 5.7 (a) and (b) that the values obtained from the 1D 
model are lower than those given by the 2D simulations, which is primarily due to the 
assumption that the heat loss (through the non-insulated wall) in the preheat zone is 
ignored. Under this assumption, Qrecir (1D model) only considers the heat required to 
heat up the unburned mixture, and this is why it is always smaller than the value given 
by the 2D simulation. Together with Figure 5.5, it is noted that as the predicted flame 
temperature is closer to the 2D simulation result, so is the heat recirculation and vice 
versa, indicating the importance of the heat recirculation to the predicted flame 
temperature. Finally, it needs to be pointed out that the objective of this study is to 
develop a simple 1D model serving as a starting point for the understanding of micro-
scale combustion by including the essential physical (such as heat loss and heat 
recirculation) and chemical processes, but not to present a comprehensive theory 
suitable for making quantitative predictions of device performance. Thus, the 1D flame 
model is considered to be able to yield reasonable predictions, despite the discrepancy 
observed in Figure 5.5 (flame temperature) and Figure 5.7 (heat recirculation). 
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5.5 Conclusion 
A 1D flame model was developed with an objective to predict the flame temperature in 
a cylindrical micro-combustor. The effect of heat recirculation through the combustor 
wall was included in the present model as an improvement over the model developed 
by Li et al. [7]. The heat loss ratio of Ql/Qin (in the reaction zone) was obtained, based 
on which an expression of flame temperature was given explicitly. The 1D adiabatic 
freely-propagating CH4-air laminar flames were simulated and the results were used to 
obtain the adiabatic reaction zone thickness. In order to facilitate the comparison, the 
2D numerical simulations of premixed CH4-air combustion in a cylindrical micro-
combustor with r0=0.5 mm were carried out over a wide range of flow conditions (u0 
and Ф). The comparisons of the flame temperature and heat recirculation between the 
1D model and 2D numerical simulation indicate that despite the simplifications and 
assumptions made in the present study, the 1D flame model is able to capture the flame 
temperature with a reasonable accuracy. More in-depth analysis of the mathematical 
behaviors of the equations used in the 1D analytical model is a good direction for the 
future studies. 
 
5.6 Chapter Summary 
Measurement of the flame temperature in a micro-combustor is very difficult due to 
the size constraint. A 1D flame model was, therefore, developed with an objective to 
predict the flame temperature in a cylindrical micro-combustor. The results of the 1D 
flame model and 2D numerical simulations were compared and possible reasons for 
the disparity were given. In the following two chapters, the results of the experimental 
study on premixed combustion in the cylindrical dump micro-combustors will be 
presented and analyzed. 
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Chapter 6  
Investigation of Cylindrical Dump 
Micro-Combustors – Experiments 
6.1 Introduction 
Among the various combustion-based micro power systems introduced in Chapter 1, 
the micro-TPV system developed at the National University of Singapore (NUS) has 
an advantage of no rotating or reciprocating parts [4], which reduces the probability of 
system failure. The micro-TPV system consists of (1) a heat source (micro-combustor), 
(2) an emitter, (3) a dielectric filter and (4) a PV cell array. The chemical energy 
contained in the fuel-air mixture is released via combustion in a micro-combustor, and 
the emitter, which is the outer surface of the micro-combustor, emits thermal radiation. 
Only the radiated photons with energy higher than the band-gap of the PV cell material 
are effective for electricity generation. According to the Stefan-Boltzmann law, an 
increase in the temperature of the emitter represents a higher radiation heat flux, 
thereby giving more electricity output. Therefore, higher wall temperature and more 
uniform distribution favor the performance of the micro-TPV system. Yang et al. [38] 
investigated the characteristics of the micro-combustors with different configurations 
and noted that a backward-facing step (also known as ‘rearward-facing step’, and 
commonly referred to as ‘dump combustor’ when used in combustion devices) is 
effective to enhance the mixing of the fuel-air mixture and to prolong the residence 
time. Furthermore, it was shown that decreasing the step height [63] and reducing the 
wall thickness [64] result in higher wall temperature, provided the same flow velocity 
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and fuel-air equivalence ratio are used. More recently, Lee and Kwon [82] proposed 
another configuration as a heat source for the micro-TPV system. In their design, the 
micro-emitter is a cylindrical tube with an annular-type shield to enhance heat 
recirculation from the exhaust. 
The investigation of the cylindrical dump micro-combustors was far less than 
complete. The effects of the physical parameters (such as the combustor diameter, 
length and step height) and flow conditions (u0 and Ф) as well as their interactions on 
the wall temperature distribution have not been systematically studied. For example, 
the conclusion drawn in Ref. [64] was only based on one flow condition, that is, Ф=0.5 
and u0=8 m/s. Because of this deficiency, a comprehensive study is needed to examine 
a much wider range of the flow conditions (u0 and Ф) and more combustor dimensions. 
In the previous studies [38, 63, 64, 82], the wall temperature was measured using the 
K-type thermocouples (~0.25 mm in diameter) and the measurements were done on 
discrete points (with a certain distance between the neighboring points) along the 
combustor wall. As a result, some important information could be missed such as the 
peak wall temperature and its position. In the present study, the wall temperature is 
measured by a non-contact infrared (IR) thermometer to acquire detailed (continuous) 
wall temperature profiles of the cylindrical dump micro-combustors, based on which 
the radiation power through the combustor wall can be quantified. 
 
6.2 Experimental Set-up and Methodology 
The experimental set-up for micro-combustion is schematically shown in Figure 6.1. 
The whole system is exposed to the ambient air. It consists of two mass flow 
controllers, a plenum, a connection tube, a micro-combustor, an IR thermometer and a 
PC. Hydrogen is chosen to be the fuel because of its high heating value, fast diffusion 
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velocity, short reaction time and high flame speed [2]. Air is provided by using an air 
compressor. The flow rates of hydrogen and air are adjusted using Brooks® Mass Flow 
Controller (Model 5850E) which is capable of controlling flow rates accurate to 1% of 
the full scale. There are orifices with a diameter of 0.2 mm evenly distributed around 
the perimeter of the connection tube (inside the plenum) in order to prevent the flame 
from flashing back into the plenum. The wall temperature is measured using a high-
performance RAYTEK® Infrared Thermometer (Model MA2SCCF) with an accuracy 
up to ±(0.3%T+1) K (T in Kelvin). The measuring spot (infrared light beam) is around 
1 mm in diameter when the distance from the lens to the object is set to be around 300 
mm (an optical resolution of 300:1). The thermometer is mounted on a high-precision 
Mitutoyo® Height Gauge which is accurate to 0.01 mm to monitor the measuring 
position. Swagelok® stainless steel tube fittings are used for all tubing connections 




Figure 6.1 Schematic of the experimental set-up for micro-combustion 
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The micro-combustors used in the experiment are made of stainless steel (SS) 
316 which is able to withstand high temperature without significant degradation. 
Figure 6.2 shows the design features of the cylindrical dump micro-combustors. There 
are totally twelve micro-combustors used in the experiment and their dimensions are 
given in full detail in Table 6.1. The external walls of the micro-combustors were 
oxidized very quickly (in less than half an hour) in the experiment. In order to ensure 
consistent wall properties, all the combustors were ‘burned’ (having a flame inside) for 
about two hours prior to the temperature measurement. The wall emissivity is an input 
for the thermometer to measure the surface temperature. The most relevant work that 
the author can find is the measurement of the spectral-directional emissivity of the 
thermally oxidized flat plate of SS 316 for the wavelength ranging from 2 to 10 μm by 
Jones and Nisipeanu [83]. However, the present thermometer has the principal 
wavelength of 1.6 μm which is beyond the range covered by Ref. [83]. Besides, it is 
noted that their experimental conditions deviate significantly from what is encountered 
in the present study in the following aspects: (1) the curvature of the cylindrical tube; 
(2) the non-uniformity of the wall temperature; and (3) the influence of the non-
principal wavelengths. A sophisticated measurement of the wall emissivity is beyond 
the scope of the present study. Therefore, a practical yet effective way is adopted by 
matching the output from the IR thermometer to the calibrated temperatures of a series 
of Temp-Rite® Thermal Melt Crayons (500-1000 ºC). These crayons have the accuracy 
of ±1% to their predefined melting points. By rubbing the crayons on the combustor 
wall and inspecting the condition of the crayons after the wall being heated up by the 
flame inside, the range of the wall emissivity is determined to be 0.8-0.9 (after the 
surface oxidation is stabilized). It should be pointed out that this emissivity range may 
not reflect the ‘true’ value, but rather an overall result of many factors such as the 
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wavelength, surface condition, surface temperature, viewing angle and so on. The 
difference between the temperature readings arising from the two emissivity values 
(0.8 and 0.9) is not greater than 25 ºC, depending on the temperature magnitude (the 
higher the temperature, the larger the difference). The error incurred due to the 
uncertainty in the wall emissivity is about 2% of the temperature magnitude (in ºC). 
All the measurements are done after a steady-state combustion flow is established in 
the micro-combustor, which is indicated by the constant wall temperature readings (≤2 




Figure 6.2 Design features of the cylindrical micro-combustors (not to scale, unit: mm) 
 
There are basically two methods to establish a flame in the micro-combustors: (1) 
cold wall ignition – to ignite the fuel-air mixture at the exit of the micro-combustor by 
applying an external spark (for all diameters except some cases with d=2 mm); and (2) 
hot wall ignition – to set up a stable flame first, then adjust the flow rates (both air and 
hydrogen) to the desired values to allow a ‘new’ stable flame to be established (for the 
cases when the first method cannot establish a stable flame). Unlike those larger ones 
(d=3 and 4 mm), the combustors with d=2 mm exhibit some distinct characteristics in 
terms of transient flame behaviors (together with acoustic emission) upon ignition, 
which will be detailed in the relevant section. 
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Table 6.1 Dimensions of the cylindrical dump micro-combustors 
Fixed parameters Independent Variables Dependant variables 
d=2 mm L=10, 15 and 20 mm s=0.5 mm 
din=1 mm, t=0.5 mm 
d=3 mm L=10, 15 and 20 mm s=1 mm 
d=3 mm L=10, 15 and 20 mm s=0.5 mm 
din=2 mm, t=0.5 mm 
d=4 mm L=10, 15 and 20 mm s=1 mm 
 
As the spot size of the thermometer is around 1 mm in diameter, the wall 
temperature is measured by shifting the thermometer with a vertical displacement of 1 
mm each time in order to minimize overlapping of the neighboring points. All the 
measurements are done within the portion from the combustor exit to the step (denoted 
by ‘L’ in Figure 6.2). The inlet flow velocity u0 (based on din) is related to U0 
(downstream of the step, based on d) by ( )20 0= /inU u d d . The flow conditions for the 
experiments are determined prior to the wall temperature measurement by observing 
the flame behaviors upon ignition. In order to ensure that the flame is stabilized inside 
the combustor, u0 should be neither too high (blow-off) nor too low (flash back). The 
finalized flow conditions are given in Table 6.2. As mentioned above, the difference 
between the two temperature readings due to the uncertainty in the wall emissivity is 
less than 2% of the temperature magnitude (in ºC), and therefore the results and 
discussion reported below are based on the average value, unless otherwise stated. 
 
Table 6.2 Flow conditions for the experimental study 
Connection 
tube Diameter Ф 
u0 (m/s) – 
based on din
U0 (m/s) – 
based on d Reason for the velocity range
d=2 mm 8-16 2-4 u0>16 m/s leads to serious 
acoustic emission din=1 mm 
d=3 mm 
0.6-1.0
12-24 1.33-2.67 u0<12 m/s results in flashing 
back into the connection tube 
d=3 mm 6-10 2.67-4.44 u0<6 m/s results in flashing 
back into the connection tube din=2 mm 
d=4 mm 
0.6-1.2
6-10 1.5-2.5 To be comparable with the 
cases with d=3 mm (din=2 mm)
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6.3 Results and Discussion – Connection Tube with din=2 mm 
6.3.1 Mean Wall Temperature 
There are four independent parameters to be investigated, namely, the inlet velocity 
(u0), the fuel-air equivalence ratio (Ф), the combustor diameter (d) and the combustor 
length (L). The mean wall temperature (Tm) is defined as the mean value of all 
temperature readings taken along the combustor wall. Due to the large quantity of the 
experimental data, detailed temperature profiles are only given in Appendix A. 
Generally, it is noted that increasing the inlet velocity gives higher wall temperature 
simply because the rate of energy input increases with the increase of the flow velocity 
and therefore more thermal energy is released per unit of time. With regard to the fuel-
air equivalence ratio, when Ф increases from 0.6 to 1.0 (fuel-lean to stoichiometric 
composition), the wall temperature increases accordingly; for the fuel-rich condition 
(Ф=1.2), except for several cases of the combustor with L=10 mm  (Tm slightly higher 
than Ф=1.0, <10 ºC), the wall temperature is found to be slightly lower than that with 
Ф=1.0. Considering the uncertainty in the wall temperature (~8-25 oC) due to the 
uncertainty in the wall emissivity, the differences in terms of Tm (between Ф=1.0 and 
1.2) are not conclusive. As far as the combustor size is concerned, it is shown that 
given the same flow conditions (u0 and Ф), the smaller combustors (d=3 mm) represent 
higher wall temperature than the larger ones (d=4 mm), which is consistent with the 
conclusion noted by Li et al. [63]. A simple way to explain this result – the smaller 
combustor implies higher volumetric heat generation rate, since the mass flow rate of 
the mixture is fixed by u0 and Ф. 
Next, defining ΔT to be the difference between the two sets of the micro-
combustor (d=3 mm and d=4 mm), the effects of fuel-air equivalence ratio on ΔT are 
illustrated in Figure 6.3. Lines connecting symbols are only for the sake of 
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visualization. The square-encircled data points are obtained from interpolation of the 
neighboring velocities. It can be seen from Figure 6.3 that the combustor length affects 
the change of ΔT with Ф such that the shorter combustor represents larger ΔT, 
suggesting that the advantage of having higher wall temperature by using a smaller 
combustor decreases as the combustor length increases. 
 
Figure 6.3 Effects of fuel-air equivalence ratio on ΔT, u0=8 m/s, din=2 mm 
 
Figure 6.4 shows the effects of flow velocity on the mean wall temperature. 
Within the velocity span, it is noted that increasing the combustor length leads to lower 
mean wall temperature for the d=3 mm combustors, indicating that the majority of the 
combustion zone can be confined within the micro-combustors, even for the case with 
L=10 mm. However, for the larger (d=4 mm) combustors, the combustor with 15 mm 
in length gives nearly equal to or higher Tm than the other two cases (L=10 and 20 mm) 
over the velocity span. This result indicates that the effect of the expansion ratio (d/din) 
on the flow field and heat transfer downstream of the step (the recirculation zone in 
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particular), since the Reynolds numbers (based on din and u0) are the same for the two 
combustor diameters, which will be discussed below. 
 
Figure 6.4 Effects of flow velocity on the mean wall temperature, Ф=0.8, din=2 mm 
 
6.3.2 Emitter Efficiency 
For those applications such as the micro-TPV generator which utilizes the thermal 
radiation from the combustor wall for power generation, maximizing the wall 
temperature is of primary concern. In this case, the micro-combustor is also working as 
an emitter. Therefore, the ‘emitter efficiency’ is defined as the ratio of the radiation 
power (in the unit of Watt) through the combustor wall to the total energy input (based 


















                                              (6.1) 
where Li (=1 mm) is the length within which the wall temperature is considered as 
uniform and 
2H
m  is the mass flow rate of hydrogen (in the unit of kg/s). The effects of 
Chapter 6 Investigation of Cylindrical Dump Micro-Combustors – Experiments 
- 95 - 
fuel-air equivalence ratio on the emitter efficiency are shown in Figure 6.5. Similar to 
Figure 6.3, the square-encircled data points are obtained from interpolation. It can be 
seen from Figure 6.5 that despite the smaller surface area, the smaller combustors (d=3 
mm) represent higher efficiency than the larger ones (d=4 mm), under the same flow 
conditions (u0 and Ф). This result is consistent with what is generally accepted that 
‘smaller combustor implies higher heat loss through the combustor wall’. With regard 
to the combustor length, the longer combustor gives higher efficiency, owing to its 
larger surface area. It should be pointed out that the ‘efficiency’ defined here takes into 
account the thermal radiation of all wavelengths. However, for the micro-TPV 
generator, only the photons with energy higher than the material band-gap are useful. 
In other words, the PV cells are not only sensitive to the total radiation but also to the 
wall temperature at which the radiation is emitted. Therefore, a higher radiation power 
does not necessarily result in more electricity output when the effectiveness of the 
photons is considered. In addition, it is noted that the highest efficiency is achieved at 
(or close to) Ф=0.8 (this does not exclude the possibility that the mixture with Ф=0.9, 
for example, may give higher efficiency than Ф=0.8), independent of the combustor 
diameter and length. In fact, this conclusion holds over the entire velocity span 
(6≤u0≤10 m/s) investigated in the present study, although they are not shown here. The 
observation that further increasing Ф from 0.8 to 1.0 may lead to higher wall 
temperature but lower efficiency implies that the increase of energy input (Ф↑, higher 
fuel input rate) outweighs the increase of the total thermal radiation (Tm↑). Based on 
this result, it is suggested to employ the mixtures with Ф≈0.8 in order to achieve 
higher emitter efficiency. This note seems interesting as one may intuitively think that 
the stoichiometric (Ф=1.0) composition will give higher efficiency. However, in the 
micro-combustion context, the heat loss from the flame to the combustor wall becomes 
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more significant, which may in turn affect the flame temperature and wall temperature 
as well. 
 
Figure 6.5 Effects of fuel-air equivalence ratio on emitter efficiency, u0=8 m/s, din=2 mm 
 
Taking account of the energy balance gives 
e in r cQ Q Q Q= − −                                                   (6.2) 
where Qe refers to the thermal energy contained in the exhaust, Qin the energy input 
carried by the fuel-air mixture, Qr and Qc the radiation and convection heat losses 
through the combustor wall, respectively. The assumption of Eq. (6.2) is that the heat 
losses from the portion denoted by ‘Lin’ (see Figure 6.2) are ignored, since the wall 
temperature at this portion is much lower, which can be observed from the direct 
photos shown in Figures 6.6 and 6.7. Noting that the magnitude of the wall 
temperature encountered in the present study, the heat loss by convection through the 
combustor wall is much smaller, compared to the radiation counterpart. Therefore, Eq. 
(6.2) suggests that the thermal energy contained in the exhaust is nearly the difference 
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between the energy input and the thermal radiation through the combustor wall. For 
those applications using the thermal energy in the exhaust such as the micro gas-
turbine, the reverse conclusion applies – the mixtures with Ф≈0.8 should be avoided 
for higher efficiency. 
 
6.3.3 Flame Stabilization 
Flame stabilization in a straight cylindrical tube is essentially difficult, and therefore a 
flame holder (also known as ‘flame stabilizer’) is commonly used in practical 
combustors. In the present study, the cylindrical combustors are designed to have a 
backward-facing step for the sake of flame stabilization. Within the velocity range 
(6≤u0≤10 m/s) and the span of the fuel-air equivalence ratio (0.6≤Ф≤1.2) investigated 
in the present study, the positions of the peak wall temperature are localized within a 
relatively narrow zone. The distance from the step to the positions of the peak wall 
temperature are about 5-6 mm and 7-8 mm for the d=3 mm and d=4 mm micro-
combustors, respectively. Using the step height as the reference length, the normalized 
distances of the peak wall temperature are 10-12 (d=3 mm, s=0.5 mm, ER=d/din=1.5) 
and 7-8 (d=4 mm, s=1 mm, ER=d/din=2.0) times of their respective step heights. More 
in-depth analysis on this result will be presented in the following chapter. 
The experimental finding noted above is also supported by the direct photos of 
the micro-combustion processes, as shown in Figures 6.6 and 6.7 for the d=4 mm and 
d=3 mm micro-combustors, respectively, with the glowing part indicating the higher 
wall temperature zone. Comparing the brightness of the combustor walls, it is obvious 
that the smaller (d=3 mm) combustors give much higher wall temperature than the 
larger ones (d=4 mm). Figures 6.6 (a) and 6.7 (a) illustrate the effects of fuel-air 
equivalence ratio. The dim flame at the combustor exit shown in Figure 6.6 (a) clearly 
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indicates the existence of incomplete combustion when Ф is greater than unity (fuel-
rich), but this is not found in Figure 6.7 (a). This observation provides another 
evidence for the conclusion that ‘the smaller combustors are more efficient than the 
larger ones, under the same flow conditions (u0 and Ф)’, as noted from Figure 6.5. In 
addition, it is shown in Figures 6.6 (a) and 6.7 (a) that increasing the flow velocity 
gives higher wall temperature, but the position of the highest wall temperature is 
nearly anchored. It is believed that the flow recirculation (downstream of the 
backward-facing step) caused by the sudden expansion of the flow area could be an 
important reason for this result. Such being the case, the incoming unburned mixture is 
ignited by the recirculated hot gases near the wall region, by which an intense 
combustion is triggered. This explanation is rather speculative as the flow separation-
and-reattachment in the recirculation zone is a very complicated process, and therefore 
a more in-depth study (for example, numerical simulation) is necessary. As a summary 
of the experimental results, it is concluded from Figures 6.6 and 6.7 that the flow 
conditions (u0 and Ф) and the combustor length (L) significantly affect the wall 
temperature (in terms of both magnitude and distribution), but the positions of the peak 
wall temperature are nearly localized within a narrow zone. This is regarded as an 
advantage for the micro-TPV generator such that no effort is needed to adjust the 
position of the PV cells to track the high wall temperature zone. 
 
 
(a) L=15 mm, u0=8 m/s, Ф=0.6, 0.8, 1.0 and 1.2 (left to right) 
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(b) L=10, 15 and 20 mm, u0=8 m/s         (c) L=15 mm, u0=6, 8 and 10 m/s (left to right) 
Figure 6.6 Direct photos of the micro-combustors, d=4 mm, Ф=0.8 for (b) and (c) 
 
 
(a) L=15 mm, u0=8 m/s, Ф=0.6, 0.8, 1.0 and 1.2 (left to right) 
           
(b) L=10, 15 and 20 mm, u0=8 m/s        (c) L=15 mm, u0=6, 8 and 10 m/s (left to right) 
Figure 6.7 Direct photos of the micro-combustors, d=3 mm, Ф=0.8 for (b) and (c) 
 
6.4 Results and Discussion – Connection Tube with din=1 mm 
As can be seen in Table 6.2, the fuel-rich condition (Ф=1.2) is dropped for the 
combustors with din=1 mm based on the experimental finding noted in the preceding 
section that the fuel-rich condition does not offer any advantage in terms of both wall 
temperature (compared to Ф=1.0) and emitter efficiency (compared to Ф=0.8). 
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6.4.1 Transient Flame Behaviors (Combustors with d=2 mm) 
As mentioned above, the micro-combustors with d=2 mm exhibited some distinct 
characteristics in terms of transient flame behaviors upon ignition. It was found that 
the external spark cannot ignite the fuel-air mixture successfully under certain flow 
conditions (u0 and Ф), which was not observed for the larger combustors (d=3 mm and 
d=4 mm). In addition, acoustic emission was detected in the experiment while the 
flame was propagating from the exit into the combustor. In the studies on flame 
propagation in the narrow channels, acoustic emission was noted in both premixed 
flames by Zamaschikov [35] and Mellish et al. [37] and non-premixed flames by 
Richecoeur and Kyritsis [84] and Prakash et al. [39]. In particular, two regimes of 
acoustic emission, namely, ‘buzzing’ (low-frequency) and ‘whistle’ (high-frequency), 
were identified by Prakash et al. [39]. These studies concluded that the main reasons 
leading to acoustic emission include flow instabilities, flame-flow/flame-structure 
interactions, heat loss induced high-frequency extinction-reignition and mass transfer 
(diffusion of species) limitations. Due to the inherent complexity of the physical and 
chemical processes involved, none of these studies could yield any quantitative 
prediction. Therefore, the purpose of this section is only to report the experimental 
observations of the transient flame behaviors (upon ignition) for the cylindrical dump 
micro-combustors with d=2 mm. 
A steady-state flow of the fuel-air mixture is established prior to ignition. All the 
experimental cases have been tested for at least three times to ensure repeatability. 
Different from the larger combustors (d=3 mm), it was noted that for the combustors 
with d=2 mm, only certain flow conditions (a combination of u0 and Ф) allow the 
flame to successfully travel backward (upon igniting the mixture at the exit) into the 
combustor to establish a stable flame. Diagrams of ignition results are depicted in 
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Figure 6.8. A detailed summary of the transient flame behaviors is given in Table 6.3 
for better clarity. It can be seen that a successful ignition depends on the combustor 
length, fuel-air equivalence ratio and flow velocity, plus the combustor diameter (d=3 
mm combustors have no such ignition failure under the same flow conditions!). 
According to Figure 6.8, the effects of combustor length are more pronounced for the 
mixtures with Ф=0.8 and 1.0. In order to understand the effects of these factors, it is 
necessary to review some previous results of flame quenching experiments. It was 
accepted that for the downward propagating flames, heat loss is the main reason 
accounting for extinction [16, 17]. In practice, successful explanations of experimental 
results of flame quenching always rely on competition between the rate of chemical 
heat release (chemical kinetics) and the rate of heat loss [85]. These conclusions allow 
focusing on the heat loss issue without being ‘distracted’ by other factors such as flame 
stretch and buoyant convection. However, it should be noted that the cases (with a 
backward-facing step) in the present study are more complicated than those normally 
discussed in the flame quenching experiments in which simple geometries such as the 
circular tubes or rectangular channels were used. Firstly, the effect of combustor 
diameter is obvious – as the measure of the surface-to-volume ratio, it reflects the heat 
loss intensity. Secondly, the fuel-air equivalence ratio mainly determines the flame 
properties such as flame speed and thickness. Thirdly, the flow velocity controls the 
heat input rate (via mass flow rate) and affects the flame position (Bunsen flame at the 
exit, flash back and blow-off). In addition, the heat transfer coefficient (from the flame 
to the combustor wall) also depends on the flow velocity which affects the length of 
the recirculation zone downstream of the step. Increasing the flow velocity (implying 
higher mass flow rate) may increase the heat generation rate to overcome the heat loss 
from the flame, but on the other hand, higher velocity tends to blow off the flame from 
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the exit. If the velocity is too low, the heat generation rate may be not enough to 
sustain a flame (under the cold wall condition at 300 K) in a narrow combustor. The 
above analysis can be used to qualitatively understand the results of the ignition failure 
for the cases with L=15 mm under Ф=0.8 and L=20 mm under Ф=0.8 and 1.0, in 
which medium velocities were found to be unable to achieve successful ignition. 
 
(a) L=10 mm 
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(b) L=15 mm 
 
(c) L=20 mm 
Figure 6.8 Diagrams of ignition results, d=2 mm (# refers to ‘high-pitched noise upon 
ignition’, see Table 6.3 for more details) 
  
Table 6.3 Summary of the transient flame behaviors upon ignition in the d=2 mm micro-combustorsa, b, c 
Ф 0.6 0.8 1.0 
u0 (m/s) L=10 mm 
8 Fails ignition Stable flame established in the tube, no noise Stable flame established in the tube, no noise 
12 
Bunsen flame upon ignition, then the 
flame quenched while attempting to 
propagate into the tube 
Stable flame established in the tube, buzzing 
sound first, then dies down 
Stable flame established in the tube, buzzing 
sound first, then dies down 
16 Bunsen flame upon ignition, the flame anchored at the exit (>2.5 mins) 
Stable flame established in the tube, buzzing 
sound first, then dies down 
Stable flame established in the tube, buzzing 
sound first, then dies down 
 L=15 mm 
8 Fails ignition Stable flame established in the tube, no noise Stable flame established in the tube, ‘high-pitched’ noise upon ignition, then dies down 
12 
Bunsen flame upon ignition, then the 
flame quenched while attempting to 
propagate into the tube 
Fails ignition 
Stable flame established in the tube, buzzing 
sound first, followed by ‘high-pitched’ noise 
lasts about 1.5 mins 
16 Bunsen flame upon ignition, the flame anchored at the exit (>2.5 mins) 
Stable flame established in the tube, buzzing 
sound first, followed by unceasing ‘high-
pitched’ noise 
Stable flame established in the tube, buzzing 
sound first, followed by unceasing ‘high-
pitched’ noise 
 L=20 mm 
8 Fails ignition Stable flame established in the tube, ‘high-pitched’ noise upon ignition, then dies down
Stable flame established in the tube, ‘high-
pitched’ noise upon ignition, then dies down 
12 
Bunsen flame upon ignition, then the 
flame quenched while attempting to 
propagate into the tube 
Fails ignition Fails ignition 
16 Bunsen flame upon ignition, the flame anchored at the exit (>2.5 mins) 
Bunsen flame upon ignition, then the flame 
quenched while attempting to propagate into 
the tube (weak buzzing sound) 
Stable flame established in the tube, buzzing 
sound first, followed by unceasing ‘high-
pitched’ noise 
a ‘Bunsen flame’ refers to the state that the flame is stabilized at the exit of the micro combustor; 
b ‘Successful ignition’ denotes the state a stable flame can be established upon ignition, regardless of acoustic emission; 
c ‘Unceasing’ is used to indicate a period of around 2.5 mins starting from the inception of the ‘high-pitched’ noise. 
. 
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Interestingly, the analysis of these factors (d, u0 and Ф) are not sufficient to 
explain the difference (in Figure 6.8, Ф=0.8 and 1.0) among the combustor lengths. It 
is believed that the flow field downstream of the step plays an important role in 
dictating this result. Using the method of direct numerical simulation (DMS), Kitoh et 
al. [86] examined the effects of expansion ratio (ER) on the flow field and heat transfer 
around three backward-facing steps in a rectangular channel. Under the Reynolds 
number from 300 to 1000, the flow was found to become unstable at Re=700, 600 and 
500 for ER=1.5, 2.0 and 3.0, respectively. In order to ‘borrow’ the conclusions from 
Ref. [86], the Reynolds number needs to be quantified. Based on din and u0, the range 
of the Reynolds number is around 500-1000 (at 300 K). Following the definition used 
in Ref. [86], the expansion ratio of the present case is d/din (=2.0). The numerical result 
of Kitoh et al. [86] indicated that at Re=700, multiple peak points of the heat transfer 
coefficient (represented by the Nusselt number) exist along the stream-wise direction. 
The shorter combustor covers less number of these peak points, and therefore the range 
for successful ignition is wider, as shown in Figure 8.6 for the mixtures with Ф=0.8 
and 1.0. Besides this reason, the axial heat conduction through the solid wall could 
also contribute to the difference among the combustor lengths. As the flame 
propagating into the tube, the axial wall conduction has two-fold meaning: (1) 
inducing heat loss from the flame, which favors quenching; and (2) promoting heat 
transfer through the combustor wall to the unburned mixture, which suppresses 
quenching. The relative significance of these two competing effects depends on the 
flame propagation speed, combustor length and wall material (thermal conductivity). 
The longer combustor has more heat loss upstream through the combustor wall, which 
roughly explains the flame quenching for the L=20 mm combustor under the flow 
conditions of u0=14-18 m/s and Ф=0.8. Two general conclusions can be drawn from 
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Figure 6.8, they are, (1) as the combustor length increases, the range for successful 
ignition becomes smaller; and (2) as Ф increases from 0.6 to 1.0, the velocity range for 
successful ignition (regardless of acoustic emission) becomes wider. 
For those particular cases which have acoustic emission generated, the emitted 
sound was reordered by a Brüel & Kjær® Precision Integrating Sound Level Meter 
(Model 2230) together with a SONY® Digital Recorder (Model PC208A). The sound 
signal was then analyzed using a Hewlett-Packard® Dynamic Signal Analyzer (Model 
35670A). Acoustic emission was measured for some cases and the results are shown in 
Figure 6.9, with the same ordinate scale used for the sake of comparison. The 
‘buzzing’ noise (Regime A) has a low frequency and lasts for a while before it dies 
down (Figure 6.9 (a)) or turns into the ‘high-pitched’ sound (Regime B, Figure 6.9 (b), 
(c) and (d)). The duration and amplitude of these two regimes vary with the combustor 
length and flow conditions (u0 and Ф). It can be seen from Figure 6.9 that in terms of 
the sound amplitude for Regime A, there is not much difference among the four cases. 
Direct observation indicates that Regime A represents a flame-acceleration process due 
to upstream heat conduction through the combustor wall. In addition, under the same 
flow conditions (Figure 6.9 (a), (c) and (d)), the ratio of the durations for which 
Regime A lasts for the three combustor lengths (L=10, 15 and 20 mm) is around 
1:1.4:1.7, suggesting that the longer combustor takes longer time to complete Regime 
A. With regard to Regime B, a great difference in terms of sound amplitude was noted: 
(1) the longer combustor generates noise with higher amplitude; and (2) acoustic 
emission from the mixture with Ф=1.0 is stronger than that with Ф=0.8. In Ref. [39], 
the high-frequency noise was attributed to ‘the standing waves that are excited by the 
combustion itself’. Other than this reason, it is believed that an important factor to the 
‘high-pitched’ noise could be the flow instabilities induced by the backward-facing 
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step. According to Kitoh et al. [86], at ER=2.0 (present case), the flow becomes 
unsteady at Re=600 (corresponding to u0≈10 m/s for the present configuration). More 
in-depth investigation is needed to understand the fundamental reasons for the acoustic 
emission, which is the direction for the future studies. 
It is mentioned in the ‘Introduction’ of this chapter that there are two methods 
applied to ignite the mixture: cold wall ignition and hot wall ignition. For the cases 
(see Figure 6.8) which cannot set up a flame by the first method (cold wall) and those 
with acoustic emission generated, the second method (hot wall) of ignition was applied. 
It was found that upon ignition using the hot wall method, a stable flame can be 
established for these cases. In addition, no more acoustic emission was generated once 
the steady-state was reached. This is one reason why no more effort was exerted to 
develop a quantitative prediction for ignition failure. 
 
 
(a) L=10 mm, u0=16 m/s, Ф=1.0                     (b) L=15 mm, u0=16 m/s, Ф=0.8 
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(c) L=15 mm, u0=16 m/s, Ф=1.0                    (d) L=20 mm, u0=16 m/s, Ф=1.0 
Figure 6.9 Time-trace of acoustic emission from the micro-combustors, Regime A: 
‘buzzing’ sound (low-frequency) and Regime B: ‘whistle’ (high-frequency) 
 
6.4.2 Mean Wall Temperature 
The effects of the flow conditions (u0 and Ф) and combustor dimensions (d and L) on 
the mean wall temperature are analyzed in this section. Similar to the din=2 mm cases, 
it is noted that generally increasing the inlet velocity leads to higher wall temperature. 
However, this only applies when the velocity is under a certain level, especially for the 
shorter combustors (d=3 mm, L=10 and 15 mm). Figure 6.10 shows the effects of inlet 
velocity on the mean wall temperature with Ф fixed as 0.8. It can be seen that for the 
smaller (d=2 mm) micro-combustors, increasing the combustor length results in lower 
mean wall temperature, within the velocity span investigated in the present study; 
while for the larger (d=3 mm) combustors, when the velocity is raised above a certain 
level, the mean wall temperature drops with further increasing velocity. Besides the 
reduced residence time due to the increase of flow velocity, the flow expansion 
induced by the backward-facing step is another reason. The larger combustors which 
have the expansion ratio of 3.0 (=d/din) tend to have a longer reattachment length 
(absolute value), therefore giving the flame positions further from the step than the 
small combustors with d/din=2.0. Based on the experimental results, it is noted that 
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under the present experimental conditions, the majority of the combustion zone can be 
confined within the d=2 mm combustors even for the length as short as L =10 mm. 
 
Figure 6.10 Effects of flow velocity on the mean wall temperature, Ф=0.8, din=1 mm 
 
With regard to the fuel-air equivalence ratio, when Ф increases from 0.6 to 0.8, a 
significant increase of wall temperature is observed consistently for all cases (d=2 mm 
and d=3 mm); when Ф further increases to 1.0, it is noted: (1) for L=10 mm, higher 
wall temperature is given (except for u0=24 m/s because part of the flame is blown 
outside the exit); (2) for L=15 mm, a very small difference (<2 ºC for d=2 mm and <8 
ºC for d=3 mm) is observed; and (3) for L=20 mm, insignificantly lower wall 
temperature is obtained. In view of the uncertainty of wall temperature (6-25 oC) due 
to the uncertainty in the wall emissivity, the difference in terms of Tm (between Ф=0.8 
and 1.0) for the L=15 and 20 mm combustors are not conclusive. Therefore, no general 
conclusion is drawn with regard to the effects of Ф on the mean wall temperature. As 
far as the combustor size is concerned, the smaller combustors (d=2 mm) represent 
much higher wall temperature than the larger ones (d=3 mm), which is consistent with 
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what was noted by Li et al. [63]. Recalling the definition of ΔT, the effects of fuel-air 
equivalence ratio on ΔT are shown in Figure 6.11. It can be seen that the effects are 
stronger for the L=10 mm micro-combustors (~110-130 ºC); when the combustor 
length increases to 20 mm, ΔT drops to around 80 ºC, suggesting that the advantage of 
having higher wall temperature by using smaller combustor decreases with the 
increasing combustor length. This result is identical with the conclusion noted for 
those cases with din=2 mm. However, the specific trend for each combustor length is 
different, compared to what was shown in Figure 6.4. It is indicated in Figure 6.11 that 
Ф=0.8 represents a higher ΔT over the other two equivalence ratios. The reason for this 
observation is still unknown, and therefore needs further investigation. 
 
Figure 6.11 Effects of fuel-air equivalence ratio on ΔT, u0=16 m/s, din=1 mm 
 
6.4.3 Emitter Efficiency 
Using the definition given by Eq. (6.1), the emitter efficiency is quantified based on 
the measured wall temperature. Figure 6.12 depicts the effects of fuel-air equivalence 
ratio on the emitter efficiency. Similar to the trend shown in Figure 6.5, it can be seen 
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from Figure 6.12 that the smaller combustors (d=2 mm) represent higher efficiency 
than the larger ones (d=3 mm), under the same flow conditions (u0 and Ф). Also, the 
longer combustor gives higher efficiency, owing to its larger surface area. Taking into 
account the effectiveness of the thermal radiation, the difference between the d=2 mm 
and d=3 mm combustors could be even larger than what is shown in Figure 6.12. 
Again, it is noted that the highest efficiency is achieved at (or close to) Ф=0.8 (this 
does not exclude the possibility that Ф=0.9 may give higher efficiency than Ф=0.8), 
independent of the combustor diameter and length. This conclusion holds for other 
flow velocities as well. Combined with the previous results for the micro-combustors 
with din=2 mm, it is concluded that Ф≈0.8 is the optimum condition for the operation 
of the cylindrical combustors with a backward-facing step when they are used as 
emitters (heat source). 
 
Figure 6.12 Effects of fuel-air equivalence ratio on emitter efficiency, u0=16 m/s, din=1 mm 
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6.4.4 Flame Stabilization 
Within the velocity range (8≤u0≤24 m/s) and the span of the fuel-air equivalence ratio 
(0.6≤Ф≤1.0) investigated in the present study, the positions of the peak wall 
temperature are found to be localized within a narrow zone, but relatively dispersed 
compared to those cases with din=2 mm. The distance from the step to the position of 
the peak wall temperature is about 8-11 mm and 4-6 mm for the d=3 mm and d=2 mm 
micro-combustors, respectively. The normalized distance of the peak wall temperature 
is 8-11 (d=3 mm, s=1 mm, ER=d/din=3.0) and 8-12 (d=2 mm, s=0.5 mm, ER=2.0) 
times of their respective step heights. Only one exception exists for the combustor with 
L=15 mm and d=3 mm under the flow conditions of u0=24 m/s and Ф=1.0. For this 
particular case, the highest wall temperature was measured at the combustor exit. It is 
speculated that the reason could be the reactions between the unburned hydrogen and 
the oxygen in the air. Direct photos of the cylindrical dump micro-combustors for 
selected cases are shown in Figure 6.13. It can be seen from Figure 6.13 that increasing 
the flow velocity implies higher wall temperature, but the positions of the peak wall 
temperature are nearly anchored. Again, the localization of the positions of the highest 
wall temperature could be attributed to the sudden expansion of the flow area, which 
will be discussed in-detail in the following chapter. 
 
      
 
(a) d=2 mm, u0=8, 12 and 16 m/s (left to right)   (b) d=3 mm, u0=12, 16 and 20 m/s (left to right) 
Figure 6.13 Direct photos of the micro-combustors, Ф=0.8, L=15 mm 
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6.5 Conclusion 
The micro-combustor (also working as the emitter) is a key component of the micro-
TPV system. Improving the wall temperature of the micro-combustor is an effective 
way to elevate the system efficiency. The wall temperature of a series of cylindrical 
dump micro-combustors (12 pieces in total) was measured over a wide range of flow 
conditions (u0 and Ф) which cover the majority of the conditions under which the 
micro-combustors can be operated with satisfactory efficiency and reasonable flame 
stability. An IR thermometer was used for the measurement of the wall temperature in 
order to obtain continuous temperature profiles. The experimental results were 
reported and analyzed in two parts which are grouped by the diameter of the 
connection tube (din). Major conclusions include (1) increasing the flow velocity gives 
higher wall temperature, provided the combustor length is sufficient to confine the 
flame zone; (2) as Ф increases from 0.6 to 0.8, a considerable increase of wall 
temperature is observed; (3) under the same flow conditions (u0 and Ф), a smaller 
combustor represents a higher emitter efficiency, despite its smaller surface area for 
thermal radiation; (4) a longer combustor is better than a shorter one in terms of the 
total radiation power (in the unit of Watt); (5) the optimum emitter efficiency is 
achieved at Ф≈0.8, independent of combustor dimensions (d and L) and flow velocity 
(u0); and (6) under the present flow conditions (u0 and Ф), the positions of peak wall 
temperature are localized within a relatively narrow zone, suggesting that the 
backward-facing step is effective in flame stabilization. It is realized that the expansion 
of the flow area (s/d) is a very important parameter that affects not only the wall 
temperature distribution downstream of the step but also the emitter efficiency of the 
cylindrical dump micro-combustors, which requires more in-depth analysis to confirm. 
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6.6 Chapter Summary 
The wall temperature of a series of cylindrical dump micro-combustors was measured 
to investigate the effects of combustor dimensions (d and L) and flow conditions (u0 
and Ф) on the wall temperature distribution. The experimental data could be used for 
design and operation of the cylindrical micro-combustors when used for the micro-
TPV system. In the following chapter, the experimental results will be further 
examined using both numerical modeling and dimensional analysis. 
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Chapter 7  
Investigation of Cylindrical Dump 
Micro-Combustors – Numerical 
Modeling and Dimensional Analysis 
7.1 Introduction 
In the preceding chapter, a backward-facing step was employed in the cylindrical 
micro-combustors to enhance flame stability. In fact, this configuration is not new but 
represents a very important technique in thermal-fluid applications. When used in the 
presence of combustion, the combustor is commonly referred to as ‘dump combustor’. 
The understanding of the flow field and heat transfer in the ‘separated, reattached and 
redeveloped flows’ downstream of the backward-facing step has both theoretical and 
practical importance in relation to a large number of engineering applications such as 
gas turbines, combustors and heat exchangers. Therefore, this configuration has been 
extensively studied both experimentally and numerically, with a large number of 
published papers dealing with fluid dynamics and heat transfer in the recirculation 
zone. Simple as the geometry seems to be, heat transfer in the separated zone (either 
laminar or turbulent) is very complicated, making a successful prediction still far from 
being routine even up to today. Experimental data of the non-reacting flows are usually 
used to test the performance of turbulence models. On the other hand, due to the great 
difficulty in measurement, detailed and reliable data of the reacting flows (such as 
combustion flows) are very limited. Therefore, it needs to be pointed out that the 
Chapter 7 Investigation of Cylindrical Dump Micro-Combustors – Numerical Modeling and Dimensional Analysis 
- 116 - 
numerical modeling presented in the following sections is not meant for a precise 
prediction which is beyond the capability of the present study, but for shedding some 
light on the relative significance of the key factors (such as turbulence, wall thermal 
conductivity and emissivity) which affect the heat transfer in the cylindrical dump 
micro-combustors. 
In order to better understand the characteristics of the combustion flows in the 
dump combustors, it is necessary and helpful to briefly review the major results on the 
flow field and heat transfer with regards to this backward-facing step configuration 
(both non-reacting and reacting). It has been demonstrated that within the recirculation 
zone, the heat transfer coefficient is considerably larger than that of an attached flow. 
The length of the recirculation zone (known as ‘reattachment length’, RL for short) is 
one of the most important parameters and has been widely used as a key criterion to 
evaluate the performance of turbulence models. Factors that have significant effects on 
the RL include the Reynolds number, expansion ratio (ER), geometry of the flow 
passage (planar or circular) and properties of the fluid (gas or liquid, reacting or non-
reacting). Moon and Rudinger [87] measured the velocity distribution in an abruptly 
expanding circular duct and obtained the variation of RL with the Reynolds numbers 
(over the range from 103 to 106). Combined with the results from previous studies [88-
90], it was shown that the RL for turbulent flows to be between six and nine step 
heights. Gooray et al. [91] numerically investigated the turbulent heat transfer for 
rearward-facing steps (2D) and sudden pipe expansions. The numerical results based 
on their improved low-Reynolds number version of the k-ε model showed a reasonable 
agreement with the measured values of the heat transfer coefficients. In addition, a 
similarity in terms of the RL between the planar (2D) and circular ducts was noted. 
Vogel and Eaton [92] studied the combined heat transfer and flow field in a separated 
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and reattached boundary layer. Their experimental results indicated that the maximum 
heat transfer coefficient occurs slightly upstream of reattachment, where the peak 
values of the turbulence intensity were measured. Ota [93] did a comprehensive survey 
on the heat and mass transfer problems related to the reattached flows by reviewing 
268 references. In addition, the effect of step height on the turbulent mixed convection 
over a backward-facing step was studied experimentally by Abu-Mulaweh et al. [94], 
noting that both the RL and the heat transfer rate increase with increasing step height. 
As cited in the preceding chapter, the effects of the ER on the flow field and heat 
transfer were numerically examined by Kitoh et al. [86] under the Reynolds number 
from 300 to 1000. With regard to the combustion flows in the dump combustors, there 
are very limited data available. In a literature survey by Edelman and Harsh [95], the 
application of a ‘sudden expansion’ in the practical combustors was reviewed. 
Comparisons of reacting flows to non-reacting cases have been made for both the 
circular ducts by Smith et al. [96] and Gabruk and Roe [97] and the 2D step 
combustors by El Banhawy et al. [98] and Pitz and Daily [99]. Major conclusions 
drawn by these studies were (1) the reattachment length was significantly shortened in 
the presence of combustion; and (2) existing turbulence models were inadequate to 
accurately describe the physics of the reacting flows downstream of the step. 
In view of the physical dimensions (d=2-4 mm) encountered in the present 
study, measurement of the flow parameters inside the combustors is very difficult. 
Therefore, it is not an objective to characterize the flow fields around the backward-
facing steps. However, the measured wall temperature may indirectly shed some light 
on the heat transfer inside the combustors. Once again, it should be emphasized that 
the purpose of the numerical modeling is to understand the relative significance of the 
key factors (turbulence, wall thermal conductivity and emissivity) in determining the 
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wall temperature distribution, which could be applied to the design of other micro-
combustors as well. 
 
7.2 Numerical Modeling 
Numerical simulation is helpful in the examination of the experiment results in order 
to gain deeper insights into the combustion process and heat transfer inside the micro-
combustors. In a numerical study on the Swiss-roll micro-combustors, Kuo and 
Ronney [59] noted that when Re>500, modeling of turbulent flow and transport is 
required to obtain reasonable agreement between the numerical and experimental 
results. Inspecting the flow Reynolds numbers (based on din and u0) for the flow 
conditions listed in Table 6.2 suggests that the micro-combustors with d=2 mm 
(Re≈500-1000) have lower Reynolds number than the others. Therefore, the micro-
combustors with d=2 mm are chosen to be modeled in the present study. Should the 
modeling of turbulence be found necessary for the d=2 mm combustors, it is justified 
to include the turbulent effects in the larger combustors (d=3 mm and d=4 mm) which 
have higher Reynolds numbers. 
 
7.2.1 Numerical Model and Boundary Conditions 
Figure 7.1 shows the schematic of the computational domain. The cylindrical dump 
micro-combustor can be simplified to a 2D case, and only half of the combustor 
volume needs to be considered in order to reduce the computational time. In the gas 
phase, the governing equations of mass, species, momentum and energy are solved for 
the 2D steady-state low Mach number reaction flows. Thermal coupling between the 
gases and the combustor wall is considered by solving the 2D energy equation in the 
solid wall. Based on the governing equations, the 2D, fully elliptic simulations are 
Chapter 7 Investigation of Cylindrical Dump Micro-Combustors – Numerical Modeling and Dimensional Analysis 
- 119 - 
performed such that heat and mass transfer in the gas phase as well as heat transfer in 
the solid phase are treated explicitly. The governing equations are discretized using the 
finite-volume method and solved by Fluent® Release 6.3 [67]. A first-order upwind 
scheme is used for discretization of the governing equations and SIMPLE algorithm is 
used to deal with the pressure-velocity coupling. The conservation equations are 
solved implicitly with a 2D segregated solver using an under-relaxation method. 
Iterations are monitored and checked until a converged solution is obtained. The gas 
density is calculated using the ideal gas law. The gas viscosity, specific heat and 
thermal conductivity are calculated as a mass-fraction-weighted average of all species. 
The specific heat of each species is calculated using a piecewise polynomial fit of 
temperature [68]. More details of the numerical model and the reaction mechanism can 
be found in Chapter 3. Numerical convergence is generally difficult because of the 
inherent stiffness of the matrix due to the chemistry as well as the disparity of thermal 
conductivity between the solid wall and the gases. Some simulation cases were run 
interactively with the graphic user interface, while most cases were executed on a 
cluster of PCs which have up to 8 GB of RAM. The CPU time for each case varies 
from about one hour to several hours, depending on the initial guess and the 




Figure 7.1 Schematic of the computational domain of a cylindrical dump micro-
combustor (not to scale) 
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The inlet boundary condition is specified using the values of the mass flow rates 
used in the experiment. The inlet temperature is taken to be 300 K, which is slightly 
lower than the real case in which the fuel-air mixture is preheated by the upstream heat 
conduction. The mass fraction of species at the inlet plane can be derived from the 
fuel-air equivalence ratio and the composition of air. A far-field pressure outlet is 
applied at the exit of the combustor. At the centerline of the combustor, zero radial 
gradients of axial velocity and temperature are specified, implying no diffusive flux 
across the centerline. Non-slip wall condition and zero diffusive flux of species are 
specified at the gas-solid interface (‘inner wall’ in Figure 7.1). At the external wall, the 
heat flux is ( ) ( )4 40 0- -w c wo woq h T T T Tεσ= + , where hc is taken to be 10 W/m2-K. The 
determination of the wall emissivity will be discussed below. Zero heat flux (adiabatic) 
is specified at both the left-wall and right-wall [45, 46], which slightly deviates from 
the real condition under which heat losses occurred. However, compared to the heat 
losses from the non-insulated wall, they are negligibly small. A uniform mesh is used 
in the gas phase with the axial and radial sizes of 0.2 mm and 0.05 mm, respectively. 
Larger mesh densities were tested (not shown here), but no obvious difference in terms 
of the centerline temperature was observed. 
 
7.2.2 Numerical Results and Comparison with Experimental Data 
In order to determine the values of two key parameters – the wall thermal 
conductivity and emissivity, the case with u0=12 m/s (medium velocity) and Ф=0.8 
(medium fuel-air equivalence ratio) is chosen to be used for testing the numerical 




12m/s 10 m 755
15.89 10 m /s
inu dRe ν
×= = =× , by using the air property at 300 K and 1 atm. 
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Based on mass conservation, 2 / 4 constantm udπρ= =  (implying -1ud dρ ∝ ) and 
noting that the dynamic viscosity μ is proportional to T0.5 [69], it is expected that the 
Reynolds number will drop along the flowing path as d↑ (step) and T↑ (reactions). As 
mentioned before, Kuo and Ronney [59] found that when Re>500, modeling of 
turbulent flow and transport in a Swiss-roll micro-combustor is necessary. With a 
similar intention to examine the turbulent effects, the turbulent flow and heat transfer 
are modeled in the present study using the standard k–ε model [59]. In view of the fact 
that existing turbulence models cannot describe the physics of the combustion flows in 
the channels with backward-facing steps, the standard k–ε model is applied only for 
semi-quantitative evaluation of the turbulent effects. 
The wall thermal conductivity is a key parameter that determines the wall 
temperature distribution. Most handbooks of materials suggest a value of around 20 
W/m-K for SS 316 at 500 oC. However, the wall surface was seriously oxidized in the 
experiment due to long-time direct exposure to the high-temperature flame (Tf>1500 K) 
and the oxidizing environment (oxygen in the ambient air). In addition, since the wall 
thickness is very thin (=0.5 mm), it is likely that the material properties underneath the 
oxide layer were also changed. In fact, the wall has non-uniform properties due to the 
difference among the layers. Therefore, the value of 20 W/m-K may not be applicable. 
With regard to the heat losses from the non-insulated wall, the wall emissivity is the 
most important parameter. This is because when the wall temperature is above 560 ºC 
(lowest Tm encountered for the d=2 mm combustors) it can be shown that radiation 
dominates the heat losses. Recalling that the emissivity range (0.8-0.9) applied in the 
experiment for wall temperature measurement is simply a result obtained by matching 
the output of the IR thermometer to the temperature indicated by the thermal melt 
crayons, and therefore it may not represent the ‘true’ value. A simple calculation may 
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shed some light on the relative importance of the wall conductivity and emissivity to 
the heat losses from the external wall. Taking ks=5 W/m-K (lower value to give larger 
resistance) and ε=0.8 (higher value to give smaller resistance), the thermal resistances 
by conduction and radiation are ( ) -5 20 0 0ln / / =8.1 10 m -K/Wcond sR R r r k= × ×  and 
( )( ) -12 2 -2 2=2.5 10 m -K/Wrad wo o wo oR T T T Tσε⎡ ⎤= + + ×⎣ ⎦ , respectively, when Two=830 K 
(lowest Tm=560 ºC) is used. The above result shows that Rrad is almost two orders of 
magnitude greater than Rcond, indicating that the temperature distribution along the wall 
is mainly controlled by the thermal conductivity, while the total heat loss is governed 
by the emissivity. Based on this analysis, different values of wall emissivity are tested 
and the results for the exit temperature are shown in Figure 7.2. The exit temperature 
was measured by a fine WATLOW® thermocouple probe (0.5 mm in diameter) which 
has an accuracy of 2%. From Figure 7.2, it is noted that the value of 0.6 for ε gives 
better agreement with the experimental results. 
 
Figure 7.2 Effects of wall emissivity on the exit temperature, u0=12 m/s, Ф=0.8, ks=10 
W/m-K, L=20 mm, the turbulence model included 
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To examine the effects of wall thermal conductivity on the wall temperature 
distribution, different values are tested and the results are compared in Figure 7.3. It 
can be seen that as ks increases, the wall temperature distribution becomes more 
uniform. In addition, with the turbulence model included, the predicted wall 
temperature (peak wall temperature in particular) is much higher than those with the 
turbulence suppressed. This could be due to the effect of turbulence on the heat 
transfer coefficient between the gases and the combustor wall [59]. 
 
Figure 7.3 Simulation and experimental results of the wall temperature, u0=12 m/s, 
Ф=0.8, ε=0.6, L=20 mm 
 
As generally accepted, gas-phase radiative heat transfer in a micro-combustor is 
negligible as a result of the small optical thickness [45-47, 49]. However, the surface-
to-surface radiation could be important and therefore has been considered by some 
previous studies [45, 49]. In the present study, the surface-to-surface radiation is 
modeled via discrete ordinates [59] with an inner wall emissivity of 0.6, same as the 
external wall emissivity. Figure 7.4 shows a comparison of the wall temperature with 
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and without the radiation model. Compared to the non-radiation model, the inclusion 
of surface-to-surface radiation increases the wall temperature near the combustor exit, 
but slightly decreases the peak wall temperature. As the difference introduced by the 
surface radiation is insignificant, the radiation model is, therefore, removed from the 
numerical model. 
 
Figure 7.4 Effects of surface radiation on the wall temperature, u0=12 m/s, Ф=0.8, ε=0.6, 
ks=5 W/m-K, L=20 mm, the turbulence model included 
 
To further validate the wall properties (thermal conductivity and emissivity) 
determined by matching the measured wall temperature, the numerical results of the 
exit temperature are compared with the experimental values in Figure 7.5. It can be 
seen that the model with turbulence suppressed significantly overestimates the 
temperature at the center of the exit plane. The profiles of exit temperature suggest that 
compared to the laminar model, heat transfer from the centerline (higher temperature 
zone) to the wall in the radial direction is greatly enhanced in the presence of turbulent 
mixing. In the meanwhile, no significant difference in terms of exit temperature was 
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observed even as the wall thermal conductivity is changed from 5 to 20 W/m-K. Since 
the heat input is fixed by u0 and Ф, this result implies that the heat losses from the non-
insulated wall are almost independent of the wall thermal conductivity, which is 
consistent with the conclusion drawn from the analysis of the thermal resistances. The 
good agreement between the model (with the turbulence model included) and the 
experimental results shown in Figure 7.5 indicates that the values determined for ks (=5 
W/m-K) and ε (=0.6) are fairly reasonable. 
 
Figure 7.5 Simulation and experimental results of the exit temperature, u0=12 m/s, Ф=0.8, 
ε=0.6, L=20 mm 
 
Extending from the sample case with u0=12 m/s and Ф=0.8 that has been 
discussed in Figures 7.2-7.5, the numerical model (together with the values for ks and ε) 
is tested for other fuel-air equivalence ratios and velocities, and the results are shown 
in Figures 7.6 and 7.7, respectively. It can be seen that the model can well capture the 
wall temperature distribution over the span of both velocity and fuel-air equivalence 
ratio investigated in the present study, which further verifies the numerical model. 
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Figure 7.6 Simulation and experimental results of wall temperature for different fuel-air 
ratios, u0=12 m/s, ε=0.6, ks=5 W/m-K, L=20 mm, the turbulence model included 
 
Figure 7.7 Simulation and experimental results of wall temperature for different 
velocities, Ф=0.8, ε=0.6, ks=5 W/m-K, L=20 mm, the turbulence model included 
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Based on the experimental results, it was noted that the positions of the peak wall 
temperature are localized within a narrow zone, independent of u0, Ф and L (see 
Chapter 6 for details). To get a deeper insight into this result, the temperature contours 
for three velocities (Ф is fixed as 0.8) are plotted in Figure 7.8. It is clearly shown that 
the flames are anchored on top of the step by the recirculation of hot gases at the 
corner, which is different from the mechanism of flame stabilization in a straight 
channel (circular or planar) in which the aerodynamic boundary layer is the dominant 
factor. In the present case, although the flame with higher flow velocity is stretched 
longer (from 8 m/s to 16 m/s), the flame position is almost unaffected, which 




Figure 7.8 Temperature contours (unit: K), (a) u0=16 m/s, (b) u0=12 m/s, (c) u0=8 m/s. 
Ф=0.8, ε=0.6, ks=5 W/m-K, L=20 mm, the turbulence model included 
 
7.2.3 Some Discussion 
Throughout the present study (Chapter 6 and Section 7.2), there are two values for the 
wall emissivity used: one is 0.8-0.9 for the wall temperature measurement and the 
other is 0.6 for the numerical simulations. It is necessary to explain the disparity in 
order to avoid confusion. First of all, the former is a spectral property corresponding to 
the principal wavelength (1.6 μm) of the infrared thermometer; while the latter, by 
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definition (with respect to a blackbody at the same temperature), is a property taking 
account of all wavelengths. Secondly (as mentioned earlier), the range of emissivity 
(0.8-0.9) is a result obtained by matching the output from the thermometer to the 
predefined melting points of a series of thermal crayons; while the value of 0.6 is 
obtained by comparing the measured exit temperature to the simulation result. In both 
cases, there is a ‘reference’ used to derive the value of the emissivity. As the thermal 
crayons are supplied with discrete temperatures (the interval is about 50 oC) and only 
can indicate the state of being higher or lower than the specific melting point, a range 
rather than a value is determined by using this method. With regard to the value of 0.6, 
it should be pointed out that the analysis of the thermal resistances (conduction and 
radiation) is crucial, which allows the two key parameters – ks and ε to be decoupled. 
In other words, the possibility of two or more combinations ([ks1, ε1] and [ks2, ε2], for 
example) that are significantly off from each other (or one another) is excluded, 
ensuring the determination of these two parameters to be reasonable. The wall thermal 
conductivity is particularly complicated as the wall itself consists of three layers (oxide, 
inner layer and oxide). In view of this, ks should be taken as a lumped property of these 
layers. Although the magnitude of ks does not significantly affect the heat losses 
through the non-insulated wall, it is the fundamental reason that dictates the axial wall 
temperature distribution by changing the axial wall temperature gradient. As the main 
purpose of the numerical modeling is to understand the key factors (turbulent effects, 
wall conduction and radiation) for heat transfer in the micro-combustors, no special 
effort was made to refine the values of ks and ε to higher accuracy. Finally, it is worth 
mentioning that although the values (0.8 and 0.9) for wall emissivity used to calculate 
the emitter efficiency (Figures 6.5 and 6.12) may not be accurate since the simulation 
results indicate that ε=0.6 is better, the conclusion that ‘Ф≈0.8 gives better emitter 
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efficiency’ still holds as the emissivity does not affect the trend (or the shape) of the 
curve because it is just a linear coefficient in Eq. (6.1). 
 
7.3 Dimensional Analysis 
The experimental results reported in Chapter 6 were obtained from twelve cylindrical 
dump micro-combustors. Based on the connection tube diameter, they were grouped 
into two sets – din=1 mm and din=2 mm. Other than the flow conditions (u0 and Ф), the 
physical dimensions of the cylindrical combustors – diameter (d), step height1 (s) and 
combustor length (L) are independent. Dimensional analysis is a very useful tool to 
generalize the experimental results in order to allow the conclusions to be extended to 
more cases. For example, the ratio of s/d reflects the relative expansion of the flow 
area and L/d is a measure of total heat loss (through the external wall) with respect to 
heat input (by the fuel-air mixture). The physical meanings of these ratios can be used 
to generalize dimensionless results. In order to facilitate an overall comparison of the 
results from different sets, it is necessary to have a common ‘reference’. For this 
purpose, U0 is chosen as it is independent of the connection tube diameter. Moreover, 
U0 is a measure of the mass flow rate (energy input rate), and therefore can be 
integrated into the emitter efficiency, as will be shown below. 
 
7.3.1 Mean Wall Temperature 
By using the flow velocity U0 as the reference, the effects of flow velocity and 
combustor dimensions (d, s and L) on the mean wall temperature are shown in Figure 
7.9. To avoid unnecessary repetition, the conclusions drawn in the preceding chapter 
(for example, increasing flow velocity gives higher mean wall temperature) are not 
                                                 
1 Step height (s) and connection tube diameter (din) are related by s=(d-din)/2, and therefore only one of 
them is independent. 
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mentioned here, unless it is indispensable to what is going to be noted as a new 
conclusion. As far as the combustor size (d) is concerned, it can be seen from Figure 
7.9 that the larger combustor gives much higher wall temperature than the smaller one 
(d=4 mm versus d=3 mm, s=1 mm under 1<U0<2.5 m/s and d=3 mm, s=0.5 mm versus 
d=2 mm under 2.5<U0<4 m/s). For a cylindrical tube, the ratio of heat loss to heat 
generation scales with the surface-to-volume ratio which is 1/d in the present case. 
Therefore, a smaller combustor implies more heat loss, which in turn lowers the flame 
temperature and subsequently lowers the wall temperature. Another observation from 
inspecting Figure 7.9 (a) – (c) is that the smaller step height (s=0.5 mm) represents 
larger temperature difference among different combustor lengths, compared to the 
larger step height (s=1 mm). There is no simple explanation to this result, but factors 
such as flow expansion (as a result of the backward-facing step) and the Reynolds 
number could be the main reasons. 
 
(a) Ф=0.6 
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Figure 7.9 Effects of flow velocity on the mean wall temperature 
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7.3.2 Emitter Efficiency 
Following the same procedure, the effects of flow velocity and combustor dimensions 
(d, s and L) on the emitter efficiency are shown in Figure 7.10. A general trend 
reflected in Figure 7.10 is that the emitter efficiency drops as the flow velocity 
increases, which is opposite to the trend of wall temperature shown in Figure 7.9. This 
indicates that the increase in radiation power as a result of higher mean wall 
temperature (Tm ↑) is overweighed by the increase of energy input (U0 ↑). With regard 
to the combustor length, owing to the effect of surface area on the radiation power (in 
Watt), the micro-combustors with L=20 mm represent higher efficiency than the 
shorter ones. As noted in Chapter 6, the emitter efficiency is higher at Ф=0.8 than 
Ф=0.6 and Ф=1.0, independent of the combustor diameter, length and flow velocity. 
Therefore, it is suggested that neither fuel-lean (Ф=0.6, lower wall temperature and 
lower efficiency) nor stoichiometric (Ф=1.0, slightly higher wall temperature but lower 
efficiency) mixtures should be used, when the micro-combustor works as an emitter. 
 
(a) Ф=0.6 
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Figure 7.10 Effects of flow velocity on the emitter efficiency 
 
As mentioned earlier, there are three independent physical dimensions – d, s and 
L. The energy input carried by the fuel-air mixture is proportional to U0×d2 and heat 
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loss through the combustor wall scales with d×L (surface area for heat loss). Therefore, 
the ratio of heat loss to heat generation is nearly proportional to dL/(U0d2)=U0-1·L/d. 
Since heat loss through the combustor wall is dominated by radiation, the above-
defined emitter efficiency should also follow this ratio. However, this simple analysis 
does not take account of a very important effect, that is, the flow expansion induced by 
the backward-facing step, and this is why for those cases which have the same values 
for the ratio L/d (for example, d=2 mm, L=10 mm and d=3 mm, L=15 mm) in Figure 
7.10, the emitter efficiencies are not even close to each other, given the same flow 
conditions (U0 and Ф). Therefore, another dimensionless parameter – s/d, should be 
considered to account for the effect of flow expansion. The dimensions of the micro-
combustors given in Table 6.1 now can be rewritten into a dimensionless form, as 
shown in Table 7.1. Among the twelve combustors, there are only two of them having 
the same values for both L/d and s/d, they are, the combustor with d=2 mm and L=10 
mm and the one with d=4 mm and L=20 mm. Referring back to Table 6.2 to check the 
experimental conditions for these two combustors, it is noticed that the intersection of 
the two velocity spans is 2.0≤U0≤2.5 m/s. One more velocity (U0=3 m/s) for the 
combustor with d=4 mm and L=20 mm is tested to widen the intersection. Then, the 
emitter efficiency of these two micro-combustors under different flow conditions (U0 
and Ф) are compared in Table 7.2. Except for the case obtained from interpolation 
(marked with a superscript), the differences between the two combustors are not 
greater than 6%. Other than the uncertainty in the wall temperature measurement 
induced by the infrared thermometer, it is believed that the wall thickness could be a 
factor which contributes to these differences. The combustor dimensions (d, s and L) 
are expressed in a dimensionless form, but the wall thickness (t) is fixed as 0.5 mm in 
the present study. From Eq. (6.1), it can be seen that the wall thickness affects the 
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surface area for radiation. However, it should be noted that increasing the wall 
thickness does not necessarily imply more radiation power as the wall temperature 
(and its distribution) may be changed with the change of wall thickness [64]. Despite 
the small differences among the cases showed in Table 7.2, it is concluded that the two 
ratios (L/d and s/d) are sufficient to determine the emitter efficiency, provided U0 and 
Ф are known. This conclusion is important as it enables the examination of the effects 
of s/d on the emitter efficiency, as will be shown below. 
 
Table 7.1 Dimensionless parameters of the cylindrical dump micro-combustors 
Connection tube d (mm) L (mm) L/d s/d 
10 3.33 0.167 
15 5.0 0.167 3 
20 6.67 0.167 
10 2.5 0.25 
15 3.75 0.25 
din=2 mm 
4 
20 5.0 0.25 
10 5.0 0.25 
15 7.5 0.25 2 
20 10.0 0.25 
10 3.33 0.33 
15 5.0 0.33 
din=1 mm 
3 
20 6.67 0.33 
 
Table 7.2 Comparison of the emitter efficiency 
U0=2 m/s U0=3 m/s 
Ф d=2 mm 
L=10 mm 
d=4 mm 




L=20 mm Diff% 
0.6 0.183 0.170a 7.2 0.160 0.152 4.9 
0.8 0.200 0.204 1.8 0.184 0.174 5.5 
1 0.172 0.182 5.3 0.160 0.158 1.4 
a Result was obtained from interpolation of neighboring velocities (U0=1.75 and 2.25 m/s) 
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In order to examine the effects of s/d, a common U0 is needed. Again, referring 
back to Table 6.2 shows that the common velocity range shared by the four sets 
(designated by ‘d’) of micro-combustors is very small. To better use the available data, 
U0=2.67 m/s is chosen so that no additional measurement is needed for two sets (s=0.5 
mm and s=1 mm) of the micro-combustors with d=3 mm. As a result, three more cases 
(U0=2.67 m/s, Ф=0.6, 0.8 and 1.0) need to be done for the other two sets (d=2 mm and 
d=4 mm) of the combustors. With the supplementary data, the effects of s/d on the 
emitter efficiency are shown in Figure 7.11. As can be seen from Figure 7.11, on each 
curve there are three points representing three combustor lengths (L=10, 15 and 20 mm) 
for each set of the micro-combustors. The square-circled data points (obtained from the 
combustor with d=2 mm, L=15 mm) are added as the fourth data points, based on the 
conclusion drawn above regarding the dependence of the emitter efficiency on L/d and 
s/d. For all fuel-air equivalence ratios, the emitter efficiency increases with the 
increase of L/d, owing to the increase of the surface area. For each Ф, the emitter 
efficiency decreases with the increase of s/d, suggesting that the flow expansion does 
not favor the radiation power through the external wall of the cylindrical dump micro-
combustors. It should be pointed out that this result is essentially different from the 
conclusion made in Ref. [63] that ‘the wall temperature decreases with the increase of 
step height’. The conclusion of Ref. [63] was based on three combustors with the step 
height of 1, 2 and 3 mm, respectively. Noting that din was fixed as 2 mm and the same 
inlet velocity (u0=4 m/s, implying the same mass flow rate in the connection tube) was 
applied for the three combustors (implying different U0 in different combustors, s↑, 
U0↓), it is not surprising to find that the combustor with s=1 mm gives higher wall 
temperature since the volumetric heat generation rate is much higher than the other two 
cases. In contrast, the results shown in Figure 7.11 are based on the same U0 (=2.67 
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m/s) which serves as a reference for comparison. Moreover, the effects of the step 
height are expressed in a dimensionless form (s/d), which has a different physical 
meaning from the absolute value of the step height. 
 
Figure 7.11 Effects of L/d and s/d on the emitter efficiency, U0=2.67 m/s 
 
7.3.3 Flame Stabilization 
Flame stabilization is an important issue in the practical combustors, and a backward-
facing step employed in the cylindrical micro-combustors has been experimentally 
proven to be effective, as discussed in Chapter 6. In fact, it is hard to identify the flame 
position inside the dump micro-combustors due to the difficulty in measuring the flow 
parameters such as velocity and temperature. However, the highest wall temperature 
and its position could be used as an indication of the flame position. Under the 
experimental conditions summarized in Table 6.2, the positions of the highest wall 
temperature are schematically depicted in Figure 7.12. It is clearly shown that the 
smaller step height (s=0.5 mm) tends to stabilize the flame closer to the plane where 
the step is formed. Using LTw,max to denote the distance from the position of the peak 
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wall temperature to the step and normalize it using the step height, the variation of 
LTw,max/s with the Reynolds number (based on u0 and din) is plotted in Figure 7.13, with 
the four thick horizontal lines representing the median values of each set of the micro-
combustors. Although the combustors with d=2 mm and d=4 mm have the same value 
for the ratio of s/d (=0.25), the relative positions (represented by the ratio of LTw,max/s) 
of the highest wall temperature are quite different. This indicates that the Reynolds 
number and the ratio of s/d alone are inadequate to predict the relative position of the 
peak wall temperature in a cylindrical dump micro-combustor. Looking at the median 
values of the d=2 mm and d=3 mm (two sets) combustors in Figure 7.13, it shows that 
the relative position of the peak wall temperature increases with the decrease of s/d. 
However, due to the lack of knowledge in terms of the relationship between the 
reattachment length and the position of the peak wall temperature, no conclusive 
remarks can be given here. Further investigation of the flow field is needed to 
understand the above experimental results, especially to identify the reason(s) leading 




Figure 7.12 Schematic of the positions of the peak wall temperature (not to scale) 
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Figure 7.13 Variation of LTw,max/s with the Reynolds number 
 
7.4 Conclusion 
Numerical modeling was carried out for the combustors with d=2 mm over the range 
of the experimental conditions. It was shown that the wall thermal conductivity mainly 
dictates the wall temperature distribution (peak wall temperature in particular), while 
the wall emissivity determines the heat losses from the non-insulated wall. In addition, 
the numerical results indicate that modeling of turbulence effects is necessary to ensure 
a good agreement between the experimental and numerical results. Combining the 
experimental results that were separately (based on din) reported in Chapter 6, it was 
noted that under the same flow conditions (U0 and Ф), the larger combustors give 
higher wall temperature than the smaller ones. With regard to the emitter efficiency, a 
general trend is noted that increasing the flow velocity implies lower efficiency. Based 
on the three independent combustor dimensions (d, s and L), two dimensionless ratios 
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are proposed, they are, L/d and s/d. The former is a measure of heat loss to energy 
input, and the latter represents the relative expansion of the flow area. It was then 
shown that these two ratios are sufficient to determine the emitter efficiency, provided 
the flow conditions (U0 and Ф) are known. Based on this conclusion, the effects of s/d 
on the emitter efficiency were subsequently examined. It was found that under the 
same flow conditions, increasing s/d gives lower emitter efficiency, suggesting that 
larger expansion of the flow area does not favor the radiation power through the wall 
of the cylindrical dump micro-combustors. Finally, the positions of the peak wall 
temperature were generalized in a dimensionless form – LTw,max/s, and its variation with 
the Reynolds number was given. The results indicate that the ratio of s/d and the flow 
Reynolds number alone are inadequate to predict the relative position of the peak wall 
temperature, and therefore the necessity of identifying other factor(s) that may affect 
this relative position remains. 
 
7.5 Chapter Summary 
The experimental results reported in Chapter 6 were combined together for some 
overall comparisons. They were numerically modeled and generalized using two 
dimensionless ratios. As far as the flow conditions (u0 and Ф) are concerned, the 
present study is considered to be fairly comprehensive as it covers the vast majority of 
the workable conditions. Therefore, future study on this kind of micro-combustors 
could be to investigate the flow field and heat transfer downstream of the backward-
facing step in order to address the effects of the Reynolds number, expansion ratio and 
other factor(s) on the relative position of the peak wall temperature. 
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Chapter 8  
Experimental Results on Planar Micro-
Combustors 
8.1 Introduction 
In Chapter 2, a number of experimental studies dealing with the fundamental issues in 
relation to micro-scale combustion were reviewed, as listed in Table 2.1. Basically, 
these studies were aimed at achieving self-sustained flames in the simple geometries 
such as cylindrical tubes [34-38, 40, 43], rectangular [9, 10, 39] and radial channels 
[42]. In order to overcome the common challenges encountered in micro-combustion 
such as the flame stability limits and intensified heat loss, some combustion-enhancing 
methods like external heating [40, 42] and catalyzed combustion [43, 100] were 
implemented. In the micro-combustion context, heat recirculation was shown to be 
crucial in increasing flame speed and extending flammability limits [49, 50]. Based on 
this finding, the Swiss-roll micro-combustors were developed [55, 56] as it was proven 
to be able to utilize the thermal energy in the exhaust to preheat the unburned mixture 
more efficiently. Furthermore, by applying proper catalyst on the channel wall of the 
Swiss-roll combustors, extended flammability was obtained experimentally [57, 58]. 
Likewise, Lee and Kwon [82] developed a new configuration as the heat source for the 
micro-TPV system. In their design, the micro-emitter is a cylindrical tube with an 
annular-type shield to realize heat recirculation. With regard to the micro-TPV system 
developed at NUS, so far only the cylindrical tubes (with and without a backward-
facing step) have been used as the heat source [38, 63, 64, 100]. In order to capture the 
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thermal radiation emitted from the external wall of the cylindrical micro-combustor, 
the micro-TPV generator is composed of six PV cells forming a hexagonal circuit [5]. 
Compared to a cylindrical tube, a planar channel is better in terms of being able to emit 
radiation normal to the PV cell, provided the radiating surface is placed to be facing 
the receiver, that is, the PV cells. In view of this advantage, it will be a meaningful 
initiative to develop efficient and robust planar micro-combustors as a potential heat 
source for the micro-TPV system. Previous studies [102, 103] on porous media 
combustion have shown that the solid-to-gas heat transfer preheats the incoming 
reactants, resulting in enhanced flame speed. Therefore, porous media combustion will 
be tested in the planar micro-combustors. As mentioned earlier, when the micro-
combustor is used as an emitter, the wall temperature is a key factor that determines 
the output from the micro-TPV system. Therefore, wall temperature will be measured 
and used to evaluate the efficiency of the combustors with different configurations. 
Same as the method used for the cylindrical dump micro-combustors in Chapter 6, the 
wall temperature will be measured by the non-contact infrared thermometer. Effects of 
flow conditions (U0 and Ф), combustor configuration, channel width (H) and position 
of the porous media on the wall temperature distribution will be investigated and the 
experimental results will be analyzed in the following sections. 
 
8.2 Combustor Design and Experimental Set-up 
Figure 8.1 shows the design features of the planar combustors and the flow connector. 
The experimental set-up for micro-combustion is the same as what is shown in Figure 
6.1, except for the planar micro-combustor and the flow connector used here. The 
connection tube of the flow connector is jointed to the existing set-up by compression 
fitting. Refer to Chapter 6 for more details of the experimental set-up. Same as those 
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cylindrical micro-combustors studied in Chapter 6, the planar micro-combustors and 
the flow connector used in this experiment are made of SS 316. There are two 
combustors having the channel widths of H=1 and 1.5 mm, respectively. The 
combustor is mounted to the flow connector (fixed) by flange-connection. In an 
experimental study conducted by Norton et al. [104], fine metal screens were used at 
the combustor inlet to achieve more uniform flow. With a similar purpose, fine mesh 
made of SS 316 (TWP Inc., California, USA) with 50 grids per inch and 0.045 inch 
(0.1143 mm) in wire diameter is used in the present study. In order to accommodate a 
single-ply SS mesh at the combustor inlet, a 12×3 mm2 groove – which is slightly 
larger than the flow area (10×1.5 mm2, see Figure 8.1) is milled at the center of the 
flange of the flow connector. The inserted porous media (inside the micro-combustor) 
is made by folding the SS mesh into multiple-ply with the final product having the size 
of 10×3 mm2. The symbol ‘Lpm’ in Figure 8.1 denotes the distance from the combustor 
inlet to the centerline of the inserted porous media. 
As can be seen in Figure 8.1, a pin is employed in the connector to disturb the 
jet-like flow coming out from the cylindrical tube. As the cross-sectional area of the 
planar channel is much larger than that of the cylindrical tube (din=1 mm), a much 
higher velocity in the cylindrical tube (u0) is required to achieve the desired velocity 
(U0=1-3 m/s) in the planar combustor. Taking the H=1 mm combustor for example, the 
velocity required is u0=13-39 m/s. An important requirement of the design for the pin(s) 
is to ensure a nearly uniform X-velocity (in the Y direction) at the inlet plane of the 
micro-combustor. As for a similar configuration, Norton et al. [105] noted that the 
inclusion of ceramic post array at the inlet was able to make the flow more uniform. 
Based on this finding, four designs are proposed, as illustrated in Figure 8.2 (a). To 
understand the flow patterns in the connector, CFD simulations are performed by 
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solving the steady-state 2D governing equations for incompressible flows. A finite-
volume method with the standard k-ε turbulence model was employed to solve the 
momentum and continuity equations, using Fluent® 6.3 [67] as the solver. For the two 
channel widths, the Reynolds number based on the connection tube is about 
1300~5300, corresponding to the velocity range of U0=1-3 m/s. Noting that no 
turbulence model is very accurate at the transitional Reynolds number (≤5000), the k-ε 
model is nevertheless considered useful for semi-quantitative evaluation of the pin(s) 
distribution. The energy equation was not included since the purpose of this section is 
only to obtain some preliminary result to facilitate the design of the flow connector. 
The X-velocity distribution for different designs is compared in Figure 8.2 (b). 
Considering the fabrication time and cost for more pins, it is noted that Design #1 
offers a fairly satisfactory performance over the other more complicated designs, and 
therefore it is chosen. With the single-ply SS mesh placed in between the flanges, it is 
believed that the X-velocity distribution should be more uniform than what is shown in 
Figure 8.2 (b). It needs to be pointed out, however, that the simulation results 
presented in this section should only be taken as a rough prediction. According to the 
numerical results obtained by Deshmukh and Vlachos [106], such configurations as 
illustrated in Figure 8.2 (a) are likely to trigger flow instabilities. Further study is 
needed to better understand the flow field in the flow connector, but it is not given here 
since the focus of the present study is on the steady-state performance of the planar 
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Figure 8.1 Design features of the planar micro-combustor and the flow connector (not to 
scale, unit: mm) 
 
The outer walls of the planar micro-combustor were oxidized very quickly (in 
less than an hour) once a stable flame is established inside. In order to ensure 
consistent wall properties, the combustors were ‘burned’ (having flame inside) for 
about two hours prior to wall temperature measurement. The same method, that is, 
matching the output from the IR thermometer to the predefined melt points of the 
thermal crayons, was used to acquire the wall emissivity. After the surface oxidation is 
stabilized, the wall emissivity is determined to be 0.7-0.8. The difference between this 
range and the one for the cylindrical tubes (0.8-0.9) is most likely due to the surface 
curvature. For the experimental cases encountered in the present study, the difference 
in terms of temperature readings arising from the two emissivity values (0.7 and 0.8) is 
not greater than 25 ºC. As a result, the error incurred due to the uncertainty in the wall 
emissivity is about 2% of the temperature magnitude (in ºC). All measurements are 
done after a steady-state combustion flow is established in the micro-combustor, which 
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is indicated by the constant wall temperature readings (≤2 ºC fluctuation) on several 
different locations along the combustor wall. 
 
(a) Illustration of different designs (unit: mm) 
 
(b) Simulation results of the X-velocity distribution 




#1                                                 #2 
#3                                                  #4 
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8.3 Pre-Experiment on Ignition 
The fuel-air mixture is ignited by an external spark at the exhaust outlet to allow the 
flame propagating back into the combustor, same as the method commonly used in 
many previous studies [9, 10, 34, 35, 37-39, 63, 64, 82]. In order to determine the 
experimental conditions under which self-sustained flames can be established for wall 
temperature measurement, a pre-experiment on ignition was carried out. A steady-state 
cold flow of the fuel-air mixture was achieved prior to ignition, followed by placing an 
external spark at the exhaust outlet. All the experimental cases have been tested for at 
least three times to ensure repeatability. There are four configurations that have been 
tested for each combustor (H=1 and 1.5 mm), they are (1) without mesh – no SS mesh 
placed in between the flanges; (2) with mesh – a single-ply SS mesh placed in between 
the flanges (at the inlet of the micro-combustor); (3) without mesh, with porous media 
– a piece of porous media (made of multi-ply SS mesh) inserted into the planar micro-
combustor; and (4) with mesh, with porous media – a combination of (2) and (3). 
Within this section, for the configurations (3) and (4), the porous media is fixed at the 
middle of the combustor, that is, Lpm=9 mm. To ensure the same porosity, 2-ply and 3-
ply porous inserts are used for the H=1 and 1.5 mm combustors, respectively. 
A detailed description of the transient flame behaviors is given in Table 8.1. 
Within the velocity range (U0=1-3 m/s), the results can be grouped into three 
categories: quenching, Bunsen flame and flame anchored inside the combustor (either 
by the ‘mesh’ at the combustor inlet or the ‘porous media’ at the middle of the 
combustor) or inside the flow connector (by the ‘pin’). The basic reason for flame 
quenching (under the cold wall condition) is that the intensified heat loss from the 
flame to the wall cannot be compensated by heat generation. Compared to the cases 
‘with mesh’, the results of those ‘without mesh’ (both H=1 mm and H=1.5 mm) 
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indicate the importance of the flow field to the intensity of heat loss. For the H=1.5 
mm combustor, a backward-facing step is formed as a result of the different channel 
widths between the flow connector (=1 mm) and the micro-combustor. It is believed 
that this step partially accounts for the difference in terms of transient flame behaviors 
between the two combustor widths, though its effect may not be very significant. 
Overall, it is noted that the ‘mesh’ (at the combustor inlet) is necessary to ensure a 
successful ignition. Bunsen flame happens when the flow velocity is at high level but 
not high enough to blow off the flame from the combustor exit. In this case, once the 
combustor wall is heated up to a certain level, the flame may propagate into the 
combustor [34, 35]. However, this may take longer time than what is normally allowed 
in this pre-experiment (2~3 minutes upon ignition). With regard to the cases ‘with 
porous media’ and ‘without mesh, with porous media’, it is interesting to note that the 
inserted porous media (at the middle of the combustor) can hold the flame in the H=1 
mm combustor, but fails to do so in the H=1.5 mm counterpart, even under the same 
flow conditions (U0 and Ф) and with the same mesh porosity. Flame stabilization is 
essentially an equilibrium between the flame speed (burning velocity) and the flow 
velocity of the reactants. As generally known, the ratio of heat loss to heat generation 
nearly scales with the reciprocal of the characteristic length of a combustor (diameter 
for a circular tube and H for a planar channel). Due to the reduced channel width (from 
H=1.5 to 1 mm), more intensified heat loss occurs in the flame zone, resulting in 
lowered flame temperature. Noting also that the flame speed is related to the flame 
temperature by nearly following the Arrhenius law [52], the flame speed in the H=1 
mm combustor is lower than that in the H=1.5 mm counterpart, which qualitatively 
explains why the flame cannot be anchored by the ‘porous media’ in the larger 
combustor. Besides the flame speed, the flame temperature inside the porous media 
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also determines the position where the reactants are ignited. Taking the H=1.5 mm 
combustor for example, higher flame temperature due to smaller heat loss ratio in turn 
allows the porous media to get hot enough to initiate combustion in the reactants 
before they reach the porous element such that the flame can pass through and move 
upstream. Meanwhile, the observation (see Table 8.1) that the addition of the ‘mesh’ 
(at the combustor inlet) shows no obvious difference between the Configurations (3) 
and (4) indicates that the flow field is not the reason for the failure in holding the flame 
at the ‘porous media’ in the H=1.5 mm combustor. Given the consideration that the 
ideal case is to have the flame inside the planar micro-combustor rather than in the 
flow connector, the experimental conditions are finalized to be Ф=0.6-1.0 and U0=2-3 
m/s. The lower velocity (U0=1 m/s) is excluded because the wall temperature is 
practically useless for power generation. The upper limit (U0=3 m/s) is chosen due to 
the limitation of the mass flow controllers (for the H=1.5 mm combustor, U0=4 m/s 
cannot be achieved). 
 
8.4 Effects of Combustor Configuration and Channel Width 
Based on the results of the pre-experiment, only two of the four configurations are to 
be investigated, they are, ‘with mesh’ and ‘with mesh, with porous media’ (hereafter 
referred to as ‘with porous media’ for simplicity to differentiate from the other one). In 
this section, Lpm is fixed as 9 mm, that is, the porous media is inserted to the middle of 
the planar micro-combustor. 
 
  
Table 8.1 Results of the pre-experiment on ignition, H=1 mm and H=1.5 mm 
H=1 mm 
U0 (m/s) U0 (m/s) 
1 2 3 1 2 3 
Ф 
Without mesh Without mesh, with porous media (2-ply) 
0.6 
Sharp noise upon 
ignition, then dies 
down. No stable 
flame established. 
Sharp noise upon 
ignition, then dies 
down. No stable 
flame established. 
Bunsen flame 
(anchored at the 
combustor exit). 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Bunsen flame (anchored 
at the combustor exit). 
0.8 
Sharp noise upon 
ignition, then dies 
down. No stable 
flame established. 
Sharp noise upon 
ignition, then dies 
down. No stable 
flame established. 
Flame propagating 
into the connector and 
stabilized near the 
pin. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
1.0 
Sharp noise upon 
ignition, then dies 
down. No stable 
flame established. 
Sharp noise upon 
ignition, then dies 
down. No stable 
flame established. 
Flame propagating 
into the connector and 
stabilized near the 
pin. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
 With mesh With mesh, with porous media (2-ply) 
0.6 Flame anchored near the ‘mesh’. 
Flame anchored near 
the ‘mesh’. 
Bunsen flame 
(anchored at the 
combustor exit). 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
0.8 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
1.0 Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 




 Without mesh Without mesh, with porous media (3-ply) 
0.6 No stable flame established. 




into the channel (very 
unstable). 
Flame anchored near the 
‘porous media’, then 
travelling upstream with 
sharp noise generated. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
0.8 No stable flame established. 




into the channel (very 
unstable). 
Flame anchored near the 
‘porous media’, then 
travelling upstream with 
sharp noise generated. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
finally anchored near the 
pin. 
Flame anchored near the 
‘porous media’. 
1.0 No stable flame established. 
No stable flame 
established. 
No stable flame 
established. 
Flame anchored near the 
‘porous media’, then 
travelling upstream with 
sharp noise generated. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
finally anchored near the 
pin. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
finally anchored near the 
pin. 
 With mesh With mesh, with porous media (3-ply) 
0.6 Flame anchored near the ‘mesh’. 
Flame anchored near 
the ‘mesh’. 
Bunsen flame 
(anchored at the 
combustor exit). 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
Flame anchored near the 
‘porous media’. 
0.8 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down) 
Flame anchored near the 
‘porous media’, then 
travelling upstream (with 
sharp noise generated) and 
finally anchored near the 
‘mesh’. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
finally anchored near the 
‘mesh’. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
finally anchored near the 
‘mesh’. 
1.0 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near 
the ‘mesh’ (sharp 
noise upon ignition, 
then dies down). 
Flame anchored near the 
‘porous media’, then 
travelling upstream (with 
sharp noise generated) and 
finally anchored near the 
‘mesh’. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
finally anchored near the 
‘mesh’. 
Flame anchored near the 
‘porous media’, then 
travelling upstream and 
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8.4.1 Wall Temperature 
Similar to the method used for the cylindrical tubes, the wall temperature is measured 
by shifting the thermometer with a vertical displacement of 1 mm each time in order to 
minimize overlapping between the neighboring points. For the H=1 mm and H=1.5 
mm micro-combustors, the aspect ratios are 10 and 6.7, respectively, implying that the 
majority of the flow field can be regarded as two-dimensional, which allows the 
temperature measurements to be done along the centerline (in the X direction) of the 
combustor wall. As mentioned above, the difference of the two temperature readings 
due to the uncertainty in the wall emissivity is less than 2% of the temperature 
magnitude (in ºC), and therefore the results and discussion reported below are based on 
the average value of the two readings, unless otherwise stated. 
For the configuration ‘with mesh’, the experimental results of wall temperature 
for the combustors with H=1 mm and H=1.5 mm are shown in Figures 8.3 and 8.4, 
respectively. The same trend for both channel widths is noted that increasing the flow 
velocity results in higher wall temperature, similar to those cylindrical combustors. 
Comparison between the two channel widths shows that the larger combustor gives 
higher wall temperature (~70 oC), provided the same U0 and Ф are used, which is 
consistent with what was shown in Figure 7.9 for the cylindrical micro-combustors. 
With regard to Ф, a significant increase of wall temperature is observed as Ф increases 
from 0.6 to 0.8. However, the stoichiometric (Ф=1.0) mixture does not yield advantage 
in terms of higher wall temperature over the Ф=0.8 mixture. A similar finding that the 
stoichiometric mixture does not necessarily represent higher wall temperature were 
noted by Pan et al. [107] (H2-O2, Ф=0.9 gives highest wall temperature) and Cao and 
Xu [108] (H2-air, the wall temperature reaches its maximum at Ф=0.9). For the planar 
combustor, one reason is that a significant amount of heat loss occurs through the 
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flanges, which is more serious for the mixture with Ф=1.0 than Ф=0.8, as can be seen 
in Figures 8.3 (b) and 8.4 (b). This could be due to the effect of Ф on ignition, that is, 
as the mixture composition is closer to stoichiometric, the flame position is nearer to 
the combustor inlet. Based on both Figure 8.3 and Figure 8.4, the flames are stabilized 
near the ‘mesh’ where the majority of the fuel-air mixture is burned. 
 




(b) Direct photos (from left to right Ф=0.6, 0.8 and 1.0; U0=2 and 3 m/s for upper and 
lower rows, respectively) 
Figure 8.3 Experimental results of wall temperature, H=1 mm, ‘with mesh’ 
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(b) Direct photos (from left to right Ф=0.6, 0.8 and 1.0; U0=2 and 3 m/s for upper and 
lower rows, respectively) 
Figure 8.4 Experimental results of wall temperature, H=1.5 mm, ‘with mesh’ 
 
Although higher velocities have not been tested, it is believed that the flame is 
unlikely to be shifted far downward from the ‘mesh’, unless the velocity is very high 
(which is beyond the capacity of the current flow controllers). This is because, in 
addition to the ‘mesh’ which works as a flame stabilizer, the flanges store lots of heat 
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released through combustion to preheat (and possibly even ignite) the reactants when 
they enter the combustor. Since the position of the peak wall temperature is very close 
to the combustor inlet, the configuration ‘with mesh’ is not considered very efficient as 
the major combustion zone is not fully utilized to generate thermal radiation through 
the combustor wall. 
In the pre-experiment, it has been shown that for the configuration ‘with porous 
media’, the porous insert (at the middle of the micro-combustor) is able to hold the 
flames in the combustor with H=1 mm. Prior to the wall temperature measurement, a 
repeatability test was conducted to ensure the experimental results are reproducible. 
Each time, one piece of folded SS mesh was inserted into the combustor and the wall 
temperature was subsequently measured. The result is shown in Figure 8.5, which 
indicates a good consistency between the two separate measurements. 
 
Figure 8.5 Result of the repeatability test, H=1 mm, ‘with porous media’, Ф=0.6 
 
For the configuration ‘with porous media’, the wall temperature measurement 
was done under the pre-determined flow conditions (U0 and Ф) and the results are 
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illustrated in Figure 8.6. It is clearly shown that the peak wall temperature is shifted to 
the zone where the porous media is inserted. In terms of the peak wall temperature, it 
can be seen that under the same flow conditions (U0 and Ф), the increase is about 100 
oC compared to the cases ‘with mesh’ (see Figure 8.3). In addition, from the position 
of the peak wall temperature to the combustor exit, the drop of wall temperature is 
about 100 oC over a length of 10 mm, indicating a fairly uniform distribution, which 
can also be observed from the direct photos shown in Figure 8.6 (b). Considering the 
requirement of the micro-TPV generator, both the increase of wall temperature and 
more uniform distribution represent an improvement over the configuration ‘with 
mesh’. Basically, there are two main reasons contributing to the considerable increase 
of wall temperature. One is the mixture preheating by heat recirculation through the 
combustor wall before the reactants entering the flame zone, that is, the porous media. 
As can be seen in both Figure 8.6 (a) and (b), there is practically no ‘intense’ 
combustion upstream of the porous media (indicated by the color of the combustor 
wall). In contrast to the configuration ‘with mesh’ (see Figure 8.3), the fuel-air mixture 
has much longer flowing path to be heated up by the ‘hotter’ combustor wall, which 
increases the flame temperature and wall temperature as well significantly. Another 
reason is the increased volumetric heat generation rate in the flame zone. The flames 
are stabilized inside the porous media which blocks a portion of the flow passage, 
thereby giving smaller combustion volume and higher flow velocity. 
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(b) Direct photos (from left to right Ф=0.6, 0.8 and 1.0; U0=2 and 3 m/s for upper and 
lower rows, respectively) 
Figure 8.6 Experimental results of wall temperature, H=1 mm, ‘with porous media’ 
 
8.4.2 Emitter Efficiency 
In the case of the combustor working as an emitter, the radiation power through the 
combustor wall is of primary concern. In terms of the ‘emitter efficiency’ discussed in 
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Chapters 6 and 7, a small modification is needed to account for the difference in 

















                                                 (8.1) 
where Li (=1 mm) is the length within which the wall temperature is considered as 
uniform and 
2H
m  is the mass flow rate of hydrogen (in the unit of kg/s) per unit length 
in the Y direction. Figure 8.7 shows the effects of fuel-air equivalence ratio and flow 
velocity on the emitter efficiency. For the H=1 mm combustor, the effects of flow 
velocity are exactly opposite between the configurations ‘with mesh’ (higher velocity 
gives higher efficiency) and ‘with porous media’ (higher velocity gives lower 
efficiency). This observation, with regard to the configuration ‘with mesh’ in particular, 
is mainly attributed to the heat losses occurring through the flanges. Meanwhile, the 
remarkably lower efficiency represented by the H=1 mm combustor at U0=2 m/s 
indicates that the configuration ‘with mesh’ is very inefficient at low velocity level. 
For the H=1 mm micro-combustor, the emitter efficiency is greatly improved with the 
addition of the porous media, resulting from both the elevated wall temperature (~100 
oC of increase in peak wall temperature) and the shift of the flame position from the 
‘mesh’ to the porous media. From Figure 8.7, it is also noted that the highest efficiency 
is achieved at (or close to) Ф=0.8 (this does not exclude the possibility that Ф=0.9 may 
give higher efficiency than Ф=0.8), regardless of the channel width (H) and the 
specific configuration (‘with mesh’ or ‘with porous media’). This conclusion, in fact, 
is a ‘derived’ result of the observation noted above that the increase of wall 
temperature from Ф=0.8 to 1.0 is insignificant. Noting that the emitter efficiency 
defined by Eq. (8.1) taking account of thermal radiation of all wavelengths, when the 
effectiveness of wall radiation is considered, the difference between the cases ‘with 
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mesh’ and ‘with porous media’ could be even larger than what is shown in Figure 8.7. 
Based on the limited cases that have been investigated, it is suggested to employ the 
mixtures with Ф≈0.8 in order to achieve higher emitter efficiency. 
 
Figure 8.7 Effects of fuel-air equivalence ratio and flow velocity on the emitter efficiency 
 
For the several configurations discussed in this section, the energy balance 
given by Eq. (6.2) needs to be modified and it becomes 
e in r c fQ Q Q Q Q= − − −                                               (8.2) 
where Qr and Qc refer to the radiation and convection heat loss through the combustor 
wall, respectively, and Qf the heat losses through the flanges. Normalized by Qin, Eq. 
(8.2) becomes 
/ 1 / / /e in r in c in f inQ Q Q Q Q Q Q Q= − − −                                  (8.3) 
where the second term of the right-hand-side of Eq. (8.3) is the emitter efficiency 
discussed above, and the third term (convection heat loss) is less important than the 
second one (radiation), as far as the wall temperature encountered in the present study 
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is concerned. For the configuration ‘with porous media’, it can be seen from both 
Figure 8.6 (b) (with the color of the combustor wall indicating the temperature level) 
and Figure 8.6 (a) (with the temperature of the flanges below 350-450 oC, much lower 
than the peak wall temperature of 700-950 oC measured near the ‘porous media’) that 
Qf is not significant compared to the radiation heat loss through the combustor wall. As 
a result, the thermal energy contained in the exhaust is nearly the difference between 
the energy input and wall radiation. For those applications which utilize the thermal 
energy in the exhaust, the mixtures with Ф≈0.8 should be avoided for better efficiency. 
This conclusion is not valid for the configuration ‘with mesh’, since the fourth term 
(Qf/Qin) which could be very significant is not quantified in this study. 
 
8.5 Effects of Position of Porous Media (Lpm) 
Based on the results of Sections 8.3 and 8.4, it is noted that the configuration ‘with 
porous media’ demonstrates some favorable characteristics such as higher peak wall 
temperature, more uniform distribution and higher emitter efficiency. Therefore, more 
in-depth study on this configuration is carried out. Among the various parameters, the 
position of the porous media inside the planar micro-combustor is very important as it 
controls the flame position and consequently the peak wall temperature. Noting that 
the mixture with Ф=0.8 represents a higher emitter efficiency, the fuel-air equivalence 
ratio is fixed as 0.8 in this section in order to investigate the effects of position of the 
porous media on the wall temperature distribution and radiation power. 
 
8.5.1 Wall Temperature and Emitter Efficiency 
The porous media is inserted into the planar combustor with Lpm=4.5 mm, 9 mm and 
13.5 mm, denoted as ‘Low’, ‘Mid’ and ‘High’, respectively. The results of the wall 
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temperature measurement are shown in Figure 8.8. The wall temperature profiles 
indicate that the flames are anchored where the inserted porous media is located. As 
the position of the porous media is shifted further from the combustor inlet (Lpm↑), the 
position of the peak wall temperature moves downstream accordingly. In terms of the 
magnitude of the peak wall temperature, the ‘High’ case represents a higher value than 
the ‘Low’ and ‘Mid’ cases, owing to the longer path for the unburnt mixture preheating.  
 
Figure 8.8 Effects of position of the porous media on the wall temperature, Ф=0.8 
 
Again, using Eq. (8.1) to quantify the emitter efficiency, the result is shown in 
Figure 8.9. The general trend is consistent for the three configurations, that is, higher 
velocity gives lower emitter efficiency Among the three cases, the ‘High’ case has the 
largest efficiency drop (~14%), while the ‘Low’ has the smallest (~4.5%), suggesting 
that as the inserted porous media is closer to the inlet, the emitter efficiency is less 
affected by the flow velocity. This result can be qualitatively explained by the wall 
temperature profiles shown in Figure 8.7 from which it can be seen that before the 
peak wall temperature is reached, there is no significant difference in terms of wall 
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temperature between the two velocities (U0=2 and 3 m/s). Therefore, the total heat 
transfer (in the unit of Joule) from the ‘hotter’ wall to the unburned mixture is reduced 
as the flow velocity increases, due to the shorter residence time (≈Lpm/U0). To get a 
deeper insight into this note, the wall temperature gradient needs to be examined, as 
discussed in the following section about the mixture preheating by the combustor wall. 
 
Figure 8.9 Effects of position of the porous media on the emitter efficiency, Ф=0.8 
 
8.5.2 Preheating by Combustor Wall 
Figure 8.10 shows the wall temperature gradient for the three cases. Taking the ‘Mid’ 
case for example, there are basically three distinct regimes, they are, preheating zone 
(from the inlet to the highest value of the gradient), burning zone (from the end of the 
preheating zone to the position where wdT
dx
=0) and exhaust zone (from the end of the 
burning zone to the combustor exit). Using the control volume of the combustor wall 
(shown in Figure 8.11), the following energy equation can be written 
L r c R gwQ Q Q Q Q+ + = +                                             (8.4) 
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where Qgw refers to the heat exchange between the gases and the combustor wall, QL 
and QR the heat transfer across the left and right boundaries, respectively. The positive 
directions for the parameters in Eq. (8.4) are defined to be coincident with the arrows 
in Figure 8.11. From Eq. (8.4), one has 
( )gw c r R LQ Q Q Q Q= + − −                                           (8.5) 
In the preheating zone, a significant increase of /wdT dx  along the flowing path 
is noted in Figure 8.10, implying 
0R LQ Q− >                                                       (8.6) 
Considering the heat losses from the external (non-insulated) wall, there is 
0c rQ Q+ >                                                      (8.7) 
With Eqs. (8.5), (8.6) and (8.7) alone, it is not sufficient to determine the 
direction of Qgw. Before a detailed quantification can be done, it is necessary to 
evaluate the Biot number by using the similar technique described in Chapter 5. 
According to the definition, the Biot number for the wall of a planar combustor can be 






g s s s
k k kt k h H t NuBi Nu
h k k H k k
×= = ⋅ ⋅ = ⋅ ⋅ = ⋅                       (8.8) 
where t (=0.5 mm) is the wall thickness, kg and ks are thermal conductivities of the 
gases and the wall, respectively, h0 refers to the heat transfer coefficient between the 
gases and the wall, and Nu is the Nusselt number. By using the typical values (kg is 
typically much smaller ks and Nu/2 is normally in the order of 1) for the parameters in 
Eq. (8.8), it can be shown that the Biot number is very small in this case, indicating 
that the difference in terms of temperature between the inner and outer walls is 
negligible. As such, the wall temperature distribution can be treated as one-
dimensional (X direction). Thus, one obtains 
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is the gradient of wdT
dx
. Taking kw=20 W/m-K (a 





=  K/mm2 (extracted 
from Figure 8.10 for the ‘Mid’ case with U0=2 m/s which has the least steep slope 
among the cases), the quantity given by Eq. (8.9) becomes 51.12 10R LQ Q x− = × Δ . On 
the other hand, the heat losses from the external wall is 
( )0 2 1r c t wQ Q h T T x+ = − × × ×Δ                                   (8.10) 
where ( )( )2 20 0t c w wh h T T T Tσε= + + + . With Tw=700 oC (read from Figure 8.8), 
T0=300 K (ambient temperature), ε=0.7, hc=15 W/m2-K (natural convection), it gives 
ht≈80 W/m2-K. Then, Eq. (8.10) becomes 51.08 10r cQ Q x+ = × Δ . Based on the above 
calculation, it can be concluded that up to Tw=700 oC, the direction of Qgw is negative, 
meaning that the heat flow direction is from the ‘hotter’ combustor wall to the fuel-air 
mixture. Although the calculation is a bit rough, it demonstrates a method to determine 
the portion within which mixture preheating (by the combustor wall) takes place. 
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Figure 8.10 Profiles of wall temperature gradient, Ф=0.8 
 
Once the burning of the fuel-air mixture is activated, heat generation is much 
higher than the heat loss dissipated from the flame to the combustor wall, resulting in 
the drop of /wdT dx  in the burning zone within which the following relation holds 
0R LQ Q− <                                                     (8.11) 
With Eqs. (8.5), (8.7) and (8.11), the direction of Qgw can be easily determined 
( ) 0gw c r R LQ Q Q Q Q= + − − >                                     (8.12) 
Eq. (8.12) indicates that in the burning zone (combustion zone), the direction of 
Qgw is from the flame to the combustor wall. Based on the above analysis, it can be 
seen from Figure 8.10 that for the ‘Low’ case, there is practically no preheating zone, 
although the wall temperature near the combustor inlet is around 600 oC. In fact, the 
burning of the fuel-air mixture is triggered immediately after it enters the combustor. 
In other words, preheating (by the combustor wall) does not play a significant role in 
the ‘Low’ case, and this is why there is not much difference in terms of emitter 
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efficiency between the two flow velocities (see Figure 8.9). In contrast, for both the 
‘Mid’ and the ‘High’ cases, the drops of emitter efficiency from U0=2 m/s to 3 m/s are 
much more significant. For the ‘High’ case, although it has longer preheating length 
(implying higher flame temperature and higher wall temperature as well), the portion 
with high temperature radiation is much shorter than the other two cases. Therefore, its 
emitter efficiency is much lower, despite its higher peak wall temperature. Based on 
the limited cases shown in Figure 8.9, it is concluded that the ‘Mid’ case (Lpm=9 mm) 
is better, as far as the emitter efficiency is concerned. 
 
 
Figure 8.11 Control volume of the combustor wall (not to scale) 
 
8.6 Conclusion 
Compared to a cylindrical tube, an advantage offered by a planar combustor is the 
radiation flux normal to the PV cell. In order to improve electricity output and system 
efficiency, higher wall temperature and more uniform distribution along the combustor 
wall is desirable. Two planar micro-combustors with the channel widths of 1 mm and 
1.5 mm, respectively, were experimentally studied. The pre-experiment on ignition 
indicated that the flow field in a planar combustor is very important for successful 
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ignition. Based on the results of the pre-experiment, two configurations were finalized 
for the wall temperature measurement – ‘with mesh (at the combustor inlet)’ and ‘with 
mesh (at the combustor inlet), with porous media (at the middle of the combustor, 
Lpm=9 mm)’. The wall temperature was measured using an IR thermometer under the 
flow conditions of Ф=0.6-1.0 and U0=2-3 m/s. The experimental results showed that 
increasing the flow velocity results in higher wall temperature. Under the same flow 
conditions (U0 and Ф), the larger combustor (H=1.5 mm) gives higher wall 
temperature than the smaller one (H=1 mm). The wall temperature profiles suggested 
that for the configuration ‘with mesh’ the flames are practically stabilized near the 
combustor inlet, implying considerable heat losses through the flanges. For the H=1 
mm combustor ‘with porous media’, a remarkable increase (~100 oC) of the peak wall 
temperature was obtained, given the same U0 and Ф are used. The emitter efficiency 
was quantified based on the measured wall temperature. It was noted that the highest 
efficiency is achieved for mixtures with Ф≈0.8. Besides, the emitter efficiency is 
greatly enhanced with the inclusion of the porous media, representing an advantage of 
the configuration ‘with porous media’ as a potential heat source for the micro-TPV 
system. With the fuel-air equivalence ratio fixed as 0.8, the effects of position of the 
porous media in the planar micro-combustor (H=1 mm) on the wall temperature 
distribution were studied. For all the three cases (Lpm=4.5 mm, 9 mm and 13 mm, 
denoted as ‘Low’, ‘Mid’ and ‘High’, respectively), it was shown that the flames can be 
effectively anchored by the porous inserts. Under the same flow conditions (U0 and Ф), 
the further the porous media is from the combustor inlet, the higher the peak wall 
temperature results. With regard to the emitter efficiency, it was noted that it is greatly 
affected by the position of the porous media. An analysis of the heat transfer in the 
combustor wall was given, which revealed the importance of mixture preheating by the 
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combustor wall. Based on the limited cases investigated in the present study, it was 
shown that the ‘Mid’ case (Lpm=9 mm) represents a better configuration, as far as the 
emitter efficiency is concerned. 
The major contribution of this study is the demonstration that porous media 
combustion provides another means to achieve self-sustained flames of gaseous 
mixture in a planar micro-combustor. The experimental results of wall temperature 
indicate that the configuration ‘with porous media’ represents a potential heat source 
for the micro-TPV system. Compared to other combustion-enhancing methods such as 
heat recirculation and catalyzed combustion to extend the flammability limits in micro-
combustors, the porous media is able to control the flame position and concurrently 
control the length for mixture preheating by the combustor wall. Besides, when the 
fabrication cost (and time as well) is concerned, it is also advantageous over the 
complicated heat recirculation system (the Swiss-roll combustor, for example) and the 
catalyst-coating process which is normally very costly. More in-depth studies are 
necessary to better understand this interesting configuration. Other than the position of 
the porous media, factors such as the porosity of the porous media, different kinds of 
mesh material (for example, the use of platinum mesh enables surface reactions) and 
so on may have significant effects on the combustion process and the wall temperature 
distribution, and therefore should be investigated systematically. 
 
8.7 Chapter Summary 
Experiments of H2-air premixed combustion were conducted in the planar micro-
combustors with the channel widths of 1 mm and 1.5 mm, respectively. Different 
combustor configurations were tested. It was shown that with the porous media 
inserted in the H=1 mm combustor, self-sustained flames can be successfully anchored 
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by the porous media over a wide range of flow conditions, giving higher wall 
temperature and more radiation power through the combustor wall. The effects of flow 
velocity, fuel-air equivalence ratio and position of the porous media on the wall 
temperature distribution and emitter efficiency were investigated. The configuration of 
a planar micro-combustor with porous media inside represents a potential heat source 
for the micro-TPV system. Future studies on this configuration were also suggested. 
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Chapter 9  
Conclusions and Recommendations for 
Future Work 
9.1 Summary of the Thesis 
In this thesis, with an overall aim to develop an in-depth understanding of micro-scale 
combustion leading to the design and control of micro-combustors for heat and power 
applications, numerical, experimental and theoretical studies were carried out and the 
results were presented. The major conclusions and potential significance of the thesis 
are summarized as follows, 
(1) A 2D numerical model was developed, based on which steady-state 
premixed combustion of two kinds of fuel-air mixtures (hydrogen-air and 
methane-air) in micro-combustors was numerically studied with the focus 
on the effects of combustor size and geometry (cylindrical versus 2D planar 
channel), flow velocity and inlet velocity profile (uniform versus fully-
developed) on the flame temperature. The difference in terms of flame 
structure caused by the fuel properties was addressed. In addition, slip-wall 
boundary condition was implemented on the gas-solid interface. The results 
indicate that for the combustor diameter down to 0.4 mm, the effects of 
slip-wall condition (velocity slip and temperature jump) are negligible. 
(2) Extending from Mallard and Le Chatelier’s thermal flame model, a 1D 
flame model was developed to predict flame temperature in cylindrical 
micro-combustors. As an improvement over an existing model [7], the 
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effects of heat recirculation (through the combustor wall) were taken into 
account. Comparisons of flame temperature and heat recirculation predicted 
by the 1D model with the results from the 2D simulations showed that the 
1D model can capture the flame temperature with a reasonable accuracy. 
The model was intended to be used as a basis to understand the heat 
transfer in micro-scale combustion; 
(3) A systematic experimental study on premixed H2-air combustion in a series 
of cylindrical dump micro-combustors was carried out to investigate the 
effects of physical parameters (combustor diameter, combustor length and 
step height) and flow conditions (flow velocity and fuel-air equivalence 
ratio) on the wall temperature distribution and radiation power. The 
experimental results showed that generally, increasing flow velocity gives 
rise to higher wall temperature (provided the combustor length is sufficient) 
but lower emitter efficiency. The backward-facing steps were confirmed to 
be effective in stabilizing the flames over a wide range of flow conditions. 
The experimental results were analyzed by performing numerical modeling 
and dimensional analysis. The numerical results (for the micro-combustors 
with d=2 mm) indicated that the wall thermal conductivity is the key factor 
that determines wall temperature distribution, but has insignificant effect on 
the heat losses through the external wall; while the wall emissivity is the 
principal factor that controls the heat losses through the external wall, when 
it is not insulated. The dimensional analysis showed that two dimensionless 
ratios, they are, L/d (heat loss to heat input) and s/d (relative expansion of 
the flow area), are sufficient to determine the emitter efficiency, given that 
flow velocity and fuel-air equivalence ratio are known. Based on this 
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finding, it was further shown that larger s/d implies lower emitter efficiency, 
suggesting that larger flow expansion does not favor the improvement of 
radiation power through the wall of the cylindrical dump micro-combustors; 
and 
(4) An experimental study on premixed H2-air combustion in the planar micro-
combustors (H=1 mm and 1.5 mm) was conducted, with an objective to 
develop a new heat source for the micro-TPV system. Two configurations, 
they are, ‘with mesh (at the combustor inlet)’ and ‘with mesh (at the 
combustor inlet), with porous media (inside the planar channel)’, were 
tested. The experimental results showed that the inserted porous media 
could stabilize the flames in the H=1 mm micro-combustor over a wide 
range of flow conditions (U0 and Ф), giving higher wall temperature and 
more radiation power through the combustor wall, compared to the 
counterpart ‘with mesh’. With the porous media located further from the 
combustor inlet, the peak wall temperature becomes higher as a result of the 
longer distance for mixture preheating by the combustor wall. The 
preliminary results indicated that the present configuration, that is, porous 
media inside a planar micro-combustor, represents a potential heat source 
for the micro-TPV system. 
 
9.2 Recommendations for Future Work 
Based on the key findings and conclusions made in this thesis, the following 
recommendations are given as continuation of the present study, 
(1) In the development of the 1D flame model (Chapter 5), heat losses through 
the external combustor wall within the portion of ‘preheating zone’ was 
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neglected. In order to include this factor, the length from the combustor 
inlet to the point where the mixture is heated up to the ignition temperature 
has to be determined; 
(2) The numerical results for the cylindrical dump micro-combustors with d=2 
mm (Chapter 7) suggested that turbulent effects need to be included even as 
the Reynolds number as low as 500. In fact, existing turbulence models are 
inadequate to model the flows at transitional Reynolds numbers (<5000). 
Therefore, further investigation is needed to confirm this point; 
(3) In Chapter 7, the comparison of the normalized positions of the peak wall 
temperature showed that other than the Reynolds number and the expansion 
ratio (s/d), there could be other controlling factor(s) which have not been 
found. In addition, the relationship between the position of the peak wall 
temperature and the reattachment length is not known yet, for which more 
in-depth studies are necessary; and 
(4) In view of the great potential offered by the new configuration, that is, 
porous media inside a planar micro-combustor (Chapter 8), more studies 
should be carried out. Factors such as the porosity of the porous media, 
different mesh materials (for example, the use of platinum mesh enables 
surface reactions) and so on may have significant effects on the combustion 
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Appendix A 
Experimental Results of the Wall 
Temperature Measurement1 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0                                                           (d) Ф=1.2 
Figure A.1 Wall temperature, d=4 mm, din=2 mm, L=10 mm 
                                                 
1 The origin of the abscissa corresponds to the exit of the micro-combustors (see Figure 6.2) 
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(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0                                                            (d) Ф=1.2 
Figure A.2 Wall temperature, d=4 mm, din=2 mm, L=15 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
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(c) Ф=1.0                                                            (d) Ф=1.2 
Figure A.3 Wall temperature, d=4 mm, din=2 mm, L=20 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0                                                            (d) Ф=1.2 
Figure A.4 Wall temperature, d=3 mm, din=2 mm, L=10 mm 
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(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0                                                            (d) Ф=1.2 
Figure A.5 Wall temperature, d=3 mm, din=2 mm, L=15 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
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(c) Ф=1.0                                                            (d) Ф=1.2 
Figure A.6 Wall temperature, d=3 mm, din=2 mm, L=20 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0 
Figure A.7 Wall temperature, d=3 mm, din=1 mm, L=10 mm 
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(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0 
Figure A.8 Wall temperature, d=3 mm, din=1 mm, L=15 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
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(c) Ф=1.0 
Figure A.9 Wall temperature, d=3 mm, din=1 mm, L=20 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0 
Figure A.10 Wall temperature, d=2 mm, din=1 mm, L=10 mm 
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(a) Ф=0.6                                                            (b) Ф=0.8 
 
(c) Ф=1.0 
Figure A.11 Wall temperature, d=2 mm, din=1 mm, L=15 mm 
 
(a) Ф=0.6                                                            (b) Ф=0.8 
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(c) Ф=1.0 
Figure A.12 Wall temperature, d=2 mm, din=1 mm, L=20 mm 
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Appendix B 
Uncertainty of Wall Temperature 
Measured by the Infrared Thermometer 
The wall temperature of the micro-combustors (both the cylindrical and the planar) 
was measured by the non-contact IR thermometer which has the accuracy up to 
±(0.3%T+1) K. Prior to the wall temperature measurement, the wall emissivity was 
determined by using a series of thermal melt crayons accurate to 1% of their 
predefined melting points. In this case, the uncertainty of the wall temperature actually 
depends on the accuracy of both the thermometer and the crayons. According to 
Moffat [101], when the result X is calculated from a set of variables Xi, i=1,2,3,…,N, 










⎡ ⎤⎛ ⎞∂⎢ ⎥= ⎜ ⎟∂⎢ ⎥⎝ ⎠⎣ ⎦
∑                                        (B.1) 
where δXi is the uncertainty of the variable Xi. Thus, the relative uncertainty of wall 








⎡ ⎤⎛ ⎞ ⎛ ⎞∂⎢ ⎥= + +⎜ ⎟ ⎜ ⎟∂⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
                                (B.2) 
where ε is the wall emissivity. From Eq. (B.2), it can be seen that the relative 
uncertainty is also a function of the wall temperature. A sample calculation is carried 
out based on the d=2 mm micro-combustor (L=15 mm) under the flow conditions of 
u0=12 m/s and Ф=0.8, as shown in Table B.1. 
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Table B.1 Uncertainty of wall temperature measurement by using the IR thermometer 
(d=2 mm, L=15 mm, u0=12 m/s and Ф=0.8) 











1 695.5 130 1.40% 
2 702.5 130 1.39% 
3 712.5 130 1.38% 
4 724 140 1.46% 
5 735 140 1.45% 
6 748 140 1.43% 
7 761.5 130 1.32% 
8 773 140 1.40% 
9 782 140 1.38% 
10 788.5 150 1.47% 
11 788.5 150 1.47% 
12 782.5 150 1.47% 
13 760 140 1.41% 
14 710.5 130 1.38% 
15 641 12 1.38% 
 
 
Appendix C List of Publications during Ph.D. Study  
- 194 - 
Appendix C 
List of Publications during Ph.D. Study 
1. J. Li, S.K. Chou, Z.W. Li and W.M. Yang. A comparative study of H2-air premixed 
flame in micro combustors with different physical and boundary conditions, 
Combustion Theory and Modelling, 12, pp. 325-347, 2008. 
2. J. Li, S.K. Chou, W.M. Yang and Z.W. Li. Experimental and numerical study of the 
wall temperature of cylindrical micro combustors, Journal of Micromechanics and 
Microengineering, 19, 015019 (11pp), 2009. 
3. J. Li, S.K. Chou, Z.W. Li and W.M. Yang. Development of 1D model for the 
analysis of heat transport in cylindrical micro combustors, Applied Thermal 
Engineering, 29, pp. 1854-1863, 2009. 
4. J. Li, S.K. Chou, G. Huang, W.M. Yang and Z.W. Li. Study on premixed 
combustion in cylindrical micro combustors: transient flame behavior and wall heat 
flux, Experimental Thermal and Fluid Science, 33, pp. 764-773, 2009. 
5. J. Li, S.K. Chou, W.M. Yang and Z.W. Li. A numerical study on premixed micro 
combustion of CH4-air mixture: effects of combustor size, geometry and boundary 
conditions on flame temperature, Chemical Engineering Journal, 150, pp. 213-222, 
2009. 
6. J. Li, S.K. Chou, Z.W. Li and W.M. Yang. A potential heat source for the micro-
thermophotovoltaic (TPV) system, Chemical Engineering Science, 64, pp. 3282-
3289, 2009. 
7. J. Li, S.K. Chou, Z.W. Li and W.M. Yang. Characterization of wall temperature and 
radiation power through cylindrical dump micro-combustors, Combustion and 
Flame, accepted for publication, 156, pp. 1587-1593, 2009. 
8. J. Li, S.K. Chou, Z.W. Li and W.M. Yang. Experimental investigation of porous 
media combustion in a planar micro-combustor, Fuel, accepted for publication, in 
press. 
9. J. Li, S.K. Chou, Z.W. Li and W.M. Yang. Development of 1D model to predict the 
flame temperature in cylindrical micro combustors, Heat Transfer Engineering, 
accepted for publication, in press. 
Appendix C List of Publications during Ph.D. Study  
- 195 - 
10. S.K. Chou, J. Li, Z.W. Li and W.M. Yang. Microscale combustion: progress and 
challenges. In: The Sixteenth Australasian Fluid Mechanics Conference, 2007, Gold 
Coast, Australia. 
11. S.K. Chou, W.M. Yang, J. Li and Z.W. Li. Heat flux through the wall of a micro 
combustor for heat and power applications. In: The Seventh High Temperature Air 
Combustion and Gasification International Symposium, 2008, Phuket, Thailand. 
